Fatigue initiation in adhesively bonded structures. by Graner Solana, Alejandro.
8643199
UNIVERSITY OF SURREY LIBRARY
All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a com plete manuscript 
and there are missing pages, these will be noted. Also, if materia! had to be removed,
a note will indicate the deletion.
Published by ProQuest LLC (2017). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode
Microform Edition © ProQuest LLC.
ProQuest LLC.
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106- 1346
F a t i g u e  I n i t i a t i o n  i n  A d h e s i v e l y  B o n d e d  
S t r u c t u r e s
Alejandro Graner Solana
Supervisors: 
Prof A.Crocombe 
Dr. W.A.Wahab
Materials, Surfaces and Structural Systems 
Faculty o f Engineering and Physical Sciences 
University o f Surrey 
Guildford 
United Kingdom
Submitted for a degree in Doctor in Philosophy in April 2008
A B S T R A C T
The objective of this research was to find patterns of fatigue initiation in adhesively 
bonded structures. Fatigue initiation plays a very important role in the useful life of any 
structure, but it is a difficult phenomenon to quantify.
Three types of aluminium-FM73M single lap joints (SLJ) were tested in tensile mode at 
different loads. The damage was recorded using the backface strain technique. Six strain 
gauges (SGs) were installed to record damage. Several types of tests were performed: 
tests to failure, tests to limited damage and sectioning, and tests to limited damage and a 
residual strength test.
The tests to failure were performed to obtain backface strain patterns. The specimens 
tested to limited damage were sectioned, polished and inspected under a microscope to 
study how the damage affected the adhesive. The tests to limited damage, followed by a 
static test to failure, were carried out to find the effect of damage on the static strength.
The load-life data obtained matched previous data well. Experimental tests found that 
the damage appeared in the fillet as a microcrack formation, merging at the end of the 
test into a major crack. This pattern depended on geometry and load. The residual 
strength tests in specimens with limited damage showed that the joints kept a significant 
proportion of original static strength, even if the joint had been damaged significantly.
Numerical simulations were performed in ABAQUS to match and predict fatigue life 
and backface strain patterns at different loads. Fortran was used to develop damage 
models based on user-defined field subroutines. Two elastic damage models were 
developed (one and two phase), which reduced the elastic modulus as damage 
increased. A more complete elasto-plastic damage model was also developed. In this 
model the elastic modulus and yield stress were reduced. This gave good predictions of 
both fatigue life and backface strain patterns. This model can be used to determine 
fatigue lives in other bonded structures and represents an important step forward in this, 
area.
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1 Introduction
1.1 Application of adhesives throughout history
Adhesives have been used for centuries but it was only in the last century that major 
advances took place. They can be described as materials that when applied to surfaces 
of other materials can join them together (Kinloch et al, 1990). Early applications were 
limited to secondary structures like furniture. However, since the 1940’s a number of 
breakthroughs and discoveries have taken place and allowed their application to 
structures sustaining higher loads.
At present, adhesively bonded structures are very often used in the aerospace and 
automotive industry. In the US, sales of adhesives have increased by 5% per annum 
since 1992 (Packham et al, 2005).
There are many types of adhesives: phenolics, epoxies, cyanoacrylate, polychloroprene 
etc In this research epoxy adhesives were used. These have become the workhorse of 
the industry due to their performance and flexibility. Adhesively bonded structures have 
a number of advantages over other types of joining. They are more flexible, affordable, 
have a good fatigue performance and can be applied to dissimilar materials.
1.2 Research objectives and methodology
Fatigue is a very complex phenomenon, it is difficult to quantify and there can often be 
considerable scatter. In previous research the fatigue initiation has not been clearly 
defined. Understanding fatigue initiation is very important, as it can play a key role in 
the life of many bonded structure. Many researchers have assumed that the life of a 
adhesively bonded structure was mostly occupied with fatigue propagation. This is 
clearly a conservative approach and may lead to considerable over design. Furthermore, 
fatigue initiation has been defined in many ways by different researchers.
14
The ultimate objective of this research is to understand and quantify the fatigue 
initiation process in adhesively bonded structures, developing rules that govern the 
initiation process. Other objectives include:
- An analysis of techniques used to detect and monitor damage initiation in 
adhesives.
Testing of various SLJs in different modes to determine backface strain patterns 
and related damage levels, as well as residual strengths.
- To develop damage models that can predict and simulate fatigue life, and 
backface strain patterns, at different loads.
- Analyse different crack scenarios and compare residual strengths.
- Present a set of conclusions and some ideas on future work.
This research made use of experimental testing and numerical simulation. The 
combination of both was very advantageous because they complemented each other 
well, and more importantly, allowed a better assessment of the data reliability.
A literature review analysing previous research on fatigue initiation is presented in 
Chapter 2. The review focused on the different approaches and definitions used to 
define and locate fatigue initiation. Some data from the review will be later used to 
compare and analyse the author’s results.
Chapter 3 and 4 focus on the experimental testing. Three types of alumium-FM73M 
joints were manufactured with varying substrate thickness and adhesive overlap. This 
research made of use of the backface strain technique, which is explained in detail in 
Chapter 3. This technique involves placing SGs on the overlap of a joint to measure the 
change in strain as it gets damaged. This technique was complemented by sectioning 
and polishing as well as video-microscopy. This combination of methods was a very 
powerful tool when compared to previous ones used in other research.
The experimental work involved static and fatigue tests. The first were performed to 
determine the static strength of the SLJ and to assess if the joints were correctly
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manufactured. The fatigue tests were more comprehensive. Initially, joints were tested 
to failure at different loads. When enough load-life data were available, and reliability 
was adequate, joints were tested to induce different levels of damage. The overlap of 
these joints was then sectioned, polished and inspected under a microscope to determine 
the location and size of damage. This damage was related to the backface strain change 
measured during the tests. Finally, some joints were tested to different levels of 
damage, and then statically to failure to evaluate the reduction in original strength.
The numerical simulation process and approach is described in Chapters 5 and 6. The 
main goal was to develop damage models that could predict the fatigue life and 
backface strain patterns measured in experimental tests. ABAQUS and Fortran were 
used to generate the SLJ and damage models. Numerical simulation was also used to 
quantify the levels of torsion and bending induced in joints when clamped in fatigue 
machines.
Initially an elastic damage model was developed. It used the maximum principal strain 
in the adhesive to generate a damage which would reduce the elastic modulus of the 
adhesive. As the damage increased, the elastic modulus would reduce, increasing the 
deformation of the joint. At a certain number of cycles the deformation would be too 
high and the analysis would stop, representing final failure of the joint.
The elastic damage model could fit the backface strain patterns at one load, but was not 
able to predict the fatigue live at other loads. Thus a 2 phase damage model was 
developed. As the name suggests, it had two phases in which varying levels of damage 
were implemented. This approach was successful but the transition point between the 
phases had to be clearly defined in order to work.
The final damage model developed was elasto-plastic, together with the elastic 
modulus, the yield stress would reduce with increasing damage. This was more realistic 
than the elastic type because it would prevent unrealistically high stresses from 
developing as the damage progressed. This model was able to fit and predict the 
backface strain patterns and experimental lives at different loads.
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Finally, in Chapter 7 the conclusions are presented, together with a number of 
suggestions from the author regarding future research.
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2  Literature r e v i e w
2.1 Introduction
This chapter aims at underlining relevant research on fatigue initiation and propagation. 
Both are closely related and in many occasions investigated simultaneously. The first 
part examines fatigue propagation and initiation from an experimental point of view. 
Special attention is given to the different techniques used to detect and monitor fatigue. 
This is followed by a section on how finite element analysis (FEA) is used to model and 
predict these phenomena. The conclusion explains the different approaches, techniques 
and the research to be performed by the author.
2.2 Fatigue testing of adhesive joints
2.2.1 Fatigue propagation
Extensive research was performed by Dessureault and Spelt (1996). Three type of joints 
were tested to obtain mode I (double-cantilever beam specimen), mixed mode I-II 
(cracked lap shear specimen), and mode II (end notch flexure specimen). The tests were 
performed in normal atmospheric conditions at R=0.1 and a frequency of 30Hz. A 
microscope was used to measure and locate the crack tip. Figure 2-1 shows the testing 
configuration.
Crack growth initiation was investigated in 3 modes: intact fillet, pre-existing fatigue 
crack and fast mode I precrack. The crack growth initiation was monitored using a 
microscope. The furthest visible microcrack ahead of the unobstructed crack opening 
(or the first visible micrcrack in the fillet) was used to calculate the crack length. The 
latter was created by an impact blow on a chisel inserted into the bondline of the joint at 
the loading end. This method does not seem very useful for investigating fatigue 
initiation, as it decisively affects the way damage appears and propagates. The damage
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was defined as a process of microcrack formation, with microcracks which could extend 
continuously in a jagged fashion until joining up and forming a major crack.
a)
b)
J—Lac
M V  1
c)
Figure 2-1: Loading configurations: (a) Mode I, (b) Mode Ml, (c) Mode Ii 
(Dessureault and Speit, 1996).
Results showed that a substantial difference in crack growth between the mode I cyclic 
loading and the fast mode I precrack will occur if a new load range is applied. A pre­
existing fatigue crack will need 2 or 3 times longer to initiate in the mode I cyclic 
loading. This is probably caused by blunting of the tip crack or some self-toughening 
mechanism, similar to that seen in some creep crack growth tests (Plausinis et al, 1995).
On the other hand, differences in crack growth initiation times between fast mode I 
precracks, and undamaged crack fronts were negligible. This last statement applies only 
to mode I loading. The starting condition (undamaged fillet, fast mode I precrack, and a
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pre-existing fatigue crack) did not affect the crack growth initiation sequence in mixed
I-II loading. Thus the crack growth occurred after the same number of cycles. This also 
applied for mode II conditions.
For the adhesive tested, the mode ratio influence depended on whether the rate of 
propagation was expressed versus G max or %GC (percentage of the quasi-static Gc at the 
mode ratio). If the rate of propagation is expressed as a function of % G C, the debonding 
rates are the greatest under mixed-mode conditions at a given % G C, and 
undistinguishable under I and II loading. Using G max leads to different results. The 
propagation rates for a given G max are the same for the mixed mode and mode I loading, 
while smaller for mode II loading. Thus, the mode ratio is very influential on the 
allowable loads for joints in fatigue. For mixed modes it will be a smaller fraction of the 
quasi-static allowable load than for the mode-I or II joints. Fatigue loading considerably 
reduces G required for a crack to initiate if compared to both creep and quasi-static 
loading.
Krenk et al (1996) subjected a single lap aluminium adhesive joint to cyclic loading in 
combined shear and bending mode. The lap joint was built from 6061-T6 aluminium 
and two-component cold cured epoxy 9323, being symmetric with identical substrates 
of thickness 6.3mm. The length of the adhesive zone was 80mm and the thicknesses of 
the adhesive were 0.1 and 0.3mm. The total length was 600mm. This testing was 
combined with finite element analysis and other crack propagation techniques. The 
results showed that for an aluminium SLJ with epoxy adhesives, the cyclic load- 
deformation curve was approximately linear after the initial build up of residual stresses 
in the first few cycles. This trend continued until shortly before failure. A higher failure 
load for joints with thicker adhesives was measured for static tests. On the other hand 
the tests under cyclic load did not show any influence of the adhesive thickness.
In the fatigue tests, the crack growth was monitored with clip-gauge compliance 
measurements. This consisted of mounting a gauge on the edge of the specimen. The 
opening was then measured by the gauge. By using a linear compliance method, the 
crack length was determined. For most of these tests the crack growths remained nearly
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constant and there was no appreciable initiation period. These facts also lead to the 
assumption that crack propagation should be expressed in terms of Gmax, as it shows 
almost total independence from the adhesive thickness. According to Krenk et al, this 
indicated that crack propagation and fatigue life of the joint were not governed by the 
magnitude of stress concentrations at the end of the adhesive layer, and suggested that 
crack propagation may be governed by Gmax. The constant crack growth is probably 
caused by the limitations of the clip gauges, Krenk et al are the only ones who seem to 
use this technique in recent times. Other researchers have tended to monitor fatigue 
initiation and propagation using strain gauges (SG).
Further research using experimental tests and analysis were carried out by Crocombe et 
al (2002). The research involved fatigue tests of 3 single lap joints configurations. A 
backface strain method was applied. This technique will be explained in detail in 
Chapter 3. The joint’s characteristics can be seen in Table 2-1:
Table 2-1: Adhesive joint main characteristics (Crocombe eta! 2002).
Parameter Joint-1 Joint-2 Joint-3
Substrate material Aluminium Aluminium GFRP
Overlap length 14 mm 12.5 mm 12.5 mm
Free length 76 mm 102.5 mm 97.5 mm
Adhesive thickness 0.05 mm 0.2 mm 0.23 mm
The analysis phase studied the effect of geometric nonlinearity, gauge position, gauge 
length and substrate material. This was performed in ANSYS using FEA. Tests with 
Joint-1 were earned out at a frequency of 2Hz and at a load ratio of 0.1. These joints 
were tested to fatigue failure to establish a load-life response curve. The tests involving 
Joint-2 were performed to validate the theoretical data: optimal location of gauges and 
accuracy of predicted extent of damage. The frequency and load parameters were as in 
Joint-1. For the Joint-3 types, the frequency was increased to 5Hz. Figure 2-2 shows the 
strain versus the number of cycles for joints with SGs in different positions. As in other 
tests employing the backface strain technique, the location of the SGs had a significant 
influence on the results.
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Figure 2-2: Backface strain versus number of cycles measured for different gauges 
[Joint-2] (Crocombe et al, 2002).
In one joint (d=l) the strain initially remained essentially constant whilst for the other 
(d=-l) it increased from the beginning of the test. The difference between the two joints 
was due to the gauge position. SGs are 1mm outside and inside for d=l and d=-l 
respectively. The adhesive thickness for d=l joints was also considerably lower than 
d=-l. Thus the position of the SG was extremely important when carrying out an 
experimental test.
Joint-3 specimens were tested at a maximum load of 3.75 kN, the SGs were placed at 
d=0. Failure occurred at 48600 cycles, which was very consistent with the anticipated 
value (50000 cycles). There was a period of 50% of the fatigue life with very little 
change in strain, which could be defined as the initiation phase.
The experimental results were validated by FE analysis, concluding that the backface 
strain methods offered a discriminating technique that enables calculation of fatigue 
damage in bonded joints. The sensitivity of this technique is optimal when the gauges 
are within the overlap region and are as small as possible. However, only 2 SGs were 
used, so the data output is somewhat limited.
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Positioning the gauge with d=-l led to backface strain producing a clear peak as the 
damage progresses. This is very useful if used as a reference for fatigue testing. The 
method was found to work better for more flexible substrates and decreased as they 
became stiffer. Microscopy was used to assess the damage on polished sections from 
partially tested joints. The results matched closely the damage predictions predicted by 
FE analyses.
Previous students at the University of Surrey have performed similar fatigue tests with 
2024-T3 ahmiinium-FM73 SLJs. Ong (2002) focused on the backface strain technique 
and performed experimental tests with SLJs with AP load range at 20-50% of the static 
failure load Ps to evaluate the influence of the SG position. The substrate length, width 
and thickness were 115 mm, 25 m m  and 2.04 mm. The adhesive thickness was 0.2 mm. 
He concluded that propagation clearly dominated the entire fatigue life when specimens 
with fillets removed were tested. Katsouvas (2002) also tested similar SLJs at 0.2-0.35 
AP/PS to evaluate the effect of reduced load level in crack initiation and fatigue life. 
Barrandon (2004) analysed the fatigue response of a SLJ at 40-50% of the static failure 
load using similar SLJs, and analysed the results using an analytical damage model. He 
concluded that the backface strain technique was a very suitable method for detecting 
fatigue initiation and propagation.
When the backface strain technique was used by these researchers, only 2 SGs were 
applied. This limits the output data and does not allow assessment of damage in the 
width direction.
Xu et al (1996) carried out mode I fatigue crack growth on 2 types of steel joints 
bonded with 2 different types of adhesive. This research however focused more on the 
effect of frequency and adhesive thickness. Joints filled with an adhesive (A) were 
tested at 20Hz and 2Hz. Joints bonded with a filled and toughened adhesive (B) at 
20Hz, 2Hz, 0.2Hz and 0.02Hz. The joints were manufactured with bondline thickness of 
0.2mm and 1mm. Adhesive B had a higher T-peel strength but lower shear strength. 
The bulk tensile stress-strain behaviour of adhesive B exhibited a strong dependence on 
strain rate while adhesive A did not.
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The fracture surface was not seriously influenced by the test frequency and was found to 
be cohesive down the centre of the adhesive layer for all joints tested. On the other 
hand, in other tests performed in model I loading (Zeng et al, Cheuk et al, Quaresimin 
et al) the crack propagated along the interface. A series of microcracks appeared in the 
surface, and then merged into a major crack. When the joints with the different 
adhesives were compared, there was a far more extensive damage zone in the bondline 
of adhesive B. This fact was also identified in the FE analysis.
At 2Hz and 20 Hz, and any given AG, the crack growth rate was higher in the joints 
bonded with adhesive B, which was rubber-toughened. This could be due to the lower 
strength and slightly different crack growth mechanism. Also, at any given AG the 
crack growth rate per cycle was highest at 0.02Hz and lowest at 20Hz. This ties up with 
tests performed by Zeng et al (2004) and could be due to the reduction in yield strength 
of adhesive B with strain rate or the effect of creep which is more important at lower 
frequencies (Al-Ghamdi et al, 2003).
Xu et al (1996) concluded that the fatigue crack growth was defined as a process of 
microcrack formation, with subsequent linkage of these with the main crack. This 
microcracking in the adhesive will occur only in the elongated plastic zone, the length 
of which should be inversely proportional to the square of the adhesive’s yield strength. 
This implied that if the restriction by the substrates is relaxed the crack growth rate will 
tend to approach that of the bulk adhesive. Once this restriction is removed the growth 
rate will decrease due to the reduction in the scale of the plastic zone in the direction of 
the crack growth.
It should be noted that Xu et al substrates were made out of steel, which has different 
properties to aluminium. If steel is used the stresses at the ends will be higher, while if 
plastic is used the distribution will be more uniform.
Hadavinia et al (2003) have tested the performance of adhesive bonded joints (SLJ and 
tapered DCB) under monotonic and cyclic-fatigue loading. Two different environments 
were applied (wet and dry). The SLJs were built using 2L93 aluminium alloy and hot
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cured toughened-epoxy adhesive EA9628 (Figure 2-3). Prior to the testing, the 
substrates were subjected to a grit-blast and degrease (GBD) treatment, a chromic acid 
etch (CAE) or a phosphoric acid anodise (PAA). Several tests were performed for the 
different treatments.
(a)
Alunimtum-dlcv substrate Adhesive fillet
<*>)
Figure 2-3: Dimensions o f) adhesively-bonded tapered double-cantilever beam (TDCB) 
joints and (b) single-iap joint (SLJ) Hadavinia et al (2003).
Cyclic fatigue tests were conducted at a frequency of 5Hz and a displacement ratio of
0.5 for both environments. The backface strain technique was used to monitor damage, 
and SGs were placed 0mm inside the overlap. On the other hand their opinion was that 
2mm inside the overlap was the ideal position according to FEA. No apparent reason 
was given for this contradiction. Crack initiation was simply identified when the strain 
readings by both SGs cease to be constant. This is rather unorthodox because cracks 
could have initiated at only one end of the adhesive. The criterion applied is also 
extremely dependent on the SG position and no sectioning of the adhesive was
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performed to relate the strain readings and damage. Furthermore, they admitted that 
identifying the crack initiation was difficult because of the noise of the system. This 
raises questions on whether the SGs were installed correctly and if they were sensitive 
enough for this application.
Hadavinia et al (2003) concluded that the fatigue life-time of the joint was dominated 
by crack propagation, which accounted for almost the entire measured lifetime. In some 
cases the propagation phase occupied 95% of the total fatigue life.
Imanaka et al (2003) tested an adhesive bonded butt with a DCS-1 rubber modified 
adhesive and structural carbon steel (JIS S55C). This testing was combined with 
analytical work, which involved the use of a damage variable. A cyclic loading was 
applied using a servo-hydraulic fatigue testing machine at a stress ratio 72=0.1, and a 
frequency of 30Hz . Temperature and humidity were kept at 23±2° C and 55±5%. The 
damage of the butt joint was evaluated in terms of the change in rigidity of the adhesive 
layer which was measured by 2 SGs connected in the upper and lower substrates across 
the adhesive layer (0.1mm thick). Figure 2-4 shows a schematic view of the tested 
specimen, with the corresponding SG.
The results showed that, at early stages of the fatigue life, the damage variable increased 
gradually with increasing stress cycles irrespective of the stress range. The slope then 
increased with increasing stress cycles, and the damage variable increased rapidly near 
the critical number of stress cycles which correspond to the fatigue life.
tmn
Figure 2-4: butt joint geometric characteristics (Imanaka etal, 2003).
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Blanchard et al (1996) tested the fatigue behaviour of an epoxy joint under monotonic 
and fatigue shear behaviour. The substrates were 2024-T3 aluminium and was a 
rectangular shaped section: 14mm length, 10mm width and 10mm height. The adhesive 
consisted of a mixture of bisphenol A prepolymer (CIBA) with a diethylentriamine 
hardemer (DETA). The adhesive thicknesses were 0.2, 0.5 and 1mm. The monotonic 
tests were carried at constant crosshead speeds ranging from 0.0085mm/min to 
8.5mm/min. The fatigue tests were performed applying a triangular shaped 
displacement with an amplitude varying from 10/un to 40 /mi. The testing frequency 
was 1Hz. The maximum number of loading cycles was 106. All the experiments were 
carried out in a constant-temperature room.
The monotonic results showed that the strain rate and joint thickness affected the 
strength of the joint. This change in strength was probably due to a change in the 
energy dissipation mechanism. Shear yielding was the dominant mechanism at small 
thickness or high strain rates. Adhesive/substrate debonding was the major dissipation 
process at large thicknesses or small strain rates.
The data from the fatigue cycles were used to create three dimensional plots called 
fatigue logs, showing the number of cycles, load and imposed displacement. The 
damage could be seen as a change in cyclic shape during the test. The fatigue logs were 
usefi.il in discriminating between interfacial failure and cohesive failure in various joint 
configurations. The damping capacity of the joint was mainly affected by cohesive 
failure, while the dynamic stiffness was more sensitive to interfacial debonding. All the 
results from fatigue tests were summarised in a fatigue map, which provides a tool to 
analyse the effect of joint thickness and strain level. These fatigue maps showed that 
adhesive or intermediate failure was more detrimental to the endurance properties than 
cohesive failure.
Wahab et al (2001) built and tested CFRP joints made of UD and M D  composite 
laminates (Figure 2-5). The matrix was built using a modified bismaleimide/epoxy 
reinforced with intermediate modulus carbon fibres. These joints were tested at 5Hz 
frequency and stress ratio of 0.1. The fatigue threshold were previously defined as the
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highest load at which no damage is observed after 106 cycles. The tests were earned out 
at 3 different temperatures: -50°C, 22°C and 90°C.
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Figure 2-5: Dimensions of double lap and lap strap joints (Wahab et al, 2001).
The tests showed that the mode of failure was dependent on substrate and temperature. 
At -50°C delamination of the composite strap was observed for both the UD and M D  
LS joints. At 22°C failure started cohesively in the adhesive, a crack initiated in the 
adhesive layer and propagated along the interface, and finally the crack entered the 
strap. No mention is given to how the crack initiates, only the propagation is analysed. 
At 90°C no composite failure was observed and failure was a mixture of interfacial 
failure adjacent to both lap and strap and cohesive failure of the adhesive.
The data presented in this section represents a fraction of what has been performed. 
Priority has been given to those papers investigating fatigue in adhesive joints under 
tensile load, especially the ones using the backface strain technique and/or giving an 
approximation to the fraction of fatigue life occupied by fatigue initiation and 
propagation. It should be remembered that much research focuses on the performance of 
bonded joints at different environmental conditions, which is not the subject of this 
research.
28
The research on fatigue initiation is limited if compared to fatigue propagation or 
adhesives performance at different enviromental conditions. Lenti (2001) examined 
different techniques to measure crack initiation, testing SLJs at 40-65% of the static 
failure load Pmax. The substrate length, width and thickness were 90 mm, 25 m m  and
2.04 mm. The adhesive thickness was just 0.05 mm. He concluded that the crack 
initiation occurred at 30-40% of the fatigue life and caused a 10% rise in the backface 
strain. In reality, those 2 parameters are very dependent on the load applied and also on 
where the SG is placed, at some locations it would be hard to measure a large change in 
strain (Figure 2-2).
Crocombe et al (2002) investigated the initiation phenomenon in some of their work 
using the backface strain technique, focusing on how the initial SLJ condition affected 
the initiation. When these were unmodified (no fillet removal) it appeared that even at 
the high load levels used there was a substantial period (±50% of the total fatigue time) 
where little if any damage occurs. This does not match what other researchers have 
found. Removal of the adhesive fillet eliminated the initiation phase of the fatigue life. 
This resulted in shorter fatigue life and should be avoided.
Zhang et al (1995) assessed the reliability of the backface strain technique in detecting 
crack initiation and propagation. A SLJ was fatigue tested at R=0 and 10 Hz. The 
waveform was sinusoidal. The SLJ length was 127mm, the overlap 25.4mm and the 
adhesive thickness 0.33mm. The width was 25.4mm. The joints were built using a 3M 
toughened epoxy and galvanized steel.
The capability of the backface strain technique to detect fatigue crack growth depends 
on relative position of the strain gauge with respect to the end of the overlap and on the 
gauge length of the strain measurements device (Zhang et al, 1995). Fatigue cracks 
initiated in the end fillet of the lap joint for an epoxy/steel joint. Final fracture of the 
joint was caused by the propagation of the fatigue crack from the adhesive to the 
interface. Increasing applied stress led to a decrease in total and fatigue crack initiation 
life. The dependence of the fatigue crack initiation life on applied stress differed from
2 .2 .2  F a t i g u e  i n i t i a t i o n
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the dependence of total life on stress. Fatigue crack initiation was found to be more 
influential in the high cycle regime, although no details are given.
The study concluded that “the backface strain reading at the end of the joint can serve as 
an indicator of the fatigue crack initiation in the joint”. This initiation can be detected by 
the switch in the direction of the backface strain change with fatigue cycle. This is 
rather simplistic because it will depend on the geometry of the joint and position of the 
gauge.
Lefevre et al (2003, B) tested an epoxy-wedge aluminium to determine the number of 
cycles required to initiate an interfacial fatigue crack near the apex. This approached 
relied on the fact that crack initiation generally occurs near the interface comers where 
the stresses fields are singular. By using an eigenvalue (Z), and a stress singularity 
parameter (0, a fatigue initiation criterion parameter was derived.
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Figure 2-6: Wedge dimensions (Lefevre et al, 2003).
The specimens consisted of a 60mm long epoxy wedges cast onto flat aluminium beams 
(220x15x3.75 mm). Three wedge angles were used: 55°, 76° and 90° (Figure 2-6). The 
specimens were built using 6061-T6 aluminium and Epon 862™.
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The specimens were tested at 5 Hz. SGs were placed near the apex to detect crack 
initiation. The fatigue data was used to develop a fatigue initiation criterion for the bi­
material interface. This resulted in a 3-D surface criterion, with the ordinate 
representing the generalized stress intensity factor and the horizontal axes representing 
the number of cycles to initiation and eigen value.
Lefevre et al concluded that this approach was suitable if the substrate-adherent corners 
are less than 90°, the modulus ratio is less than 0.1; and the singular zone significantly 
larger than the plastic yield zone, intrinsic flaw size and geometric imperfections of the 
apex. The formation of a plastically-yielded zone near the apex of the adhesive- 
substrate comer can limit the applicability of this method, but this is less likely to occur 
at lower loads corresponding to the fatigue limit. The problem of relying on singularity 
points is that the damage scenario will always be the same, with damage appearing and 
expanding from there. This is very limited when compared to experimental tests, in 
which damage can appear at one end, or one side.
Quaresimin et al (2006) wrote an interesting paper on fatigue behaviour of SLJs. The 
crack initiation phase was defined as a crack nucleation process phase. This phase, 
comprised from 20 to up to 70% of the total fatigue life, this factor depending on 
overlap length and stress level. The specimens tested were SLJs made from T300 
autoclave-moulded laminates and bonded with 9323 epoxy adhesive. The joint width 
was 24mm; substrate and adhesive thickness were 1.65mm and 0.15mm respectively. 
Three overlap lengths (20, 30 and 40mm) and two geometry corners were (square and 
spew) tested.
The tests were earned out in a temperature controlled room and at different stress levels. 
The stress ratio was 0.05, a sinusoidal shape was applied with frequency being 10- 
15Hz. The damage in the adhesive was monitored using a microscope: the test was 
carried out for a certain number of cycles, then stopped and the bond line inspected. A 
crack length of 0.3mm was arbitrarily fixed as a threshold value for crack initiation.
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On paper this method is very effective, as it allows measurement of crack initiation and 
growth during the actual test. However, it suffers from a number of disadvantages. In 
order to see damage in the microscope, the bondline needs to be polished, this will 
induce damage in the bondline through microcracks. Furthermore, the microscope is an 
optical system and can only see damage on the surface of the bondline. If the damage 
initiates in the interior it will only be visible when it has expanded towards the edges.
Damage first appeared in the central zone of the bondline at the end of the overlap edge 
(Figure 2-7), which is a rather unclear definition. The crack nucleation phase was seen 
as a whitening and crazing of the bondline. The crack then initiated and propagated 
along the adhesive-substrate interface. The crack growth rate depended on the stress 
levels; on the other hand the overlap length did not have much influence. As expected, 
the joints with spew fillets gave 25% higher fatigue lives.
Figure 2-7: a) Crack nucleation in bondline (fillet) b) Crack nucleation in square edge SLJ 
(Quaresimin et al, 2006)
Video microscopy was also used by Ishii et al (1999). They tested single and double lap 
joints made of BF-9737 epoxy adhesive and 2017-T4 aluminium or unidirectional 
CFRP. In some tests an initial crack was simulated by introducing a very small Teflon 
insert between the substrate and adhesive. The overlap length was 10, 20 or 30mm. 
Adhesive and substrate thickness were 0.12mm and 3mm respectively.
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Figure 2-8: a) Early crack b) Prior to failure (Ishii et al, 1999).
Fatigue tests were conducted at /?=0.1 and a frequency of 30Hz. In all tests performed 
the damage appeared at the comer of the substrate, where stress singularities occur. 
Interestingly, the crack initiation criterion was quite different to that defined by 
Quaresimin: it was determined by the number of stress cycles when the crack passed 
over the tip of the comer (Figure 2-8). In the author’s opinion, this definition is not 
satisfactory because the crack at that stage, has not only initiated, but it is expanding. If 
the overlap is short, failure will be imminent, especially at higher loads. The difference 
between fatigue crack initiation life and fracture life was small for joints with short 
overlap (10mm), but much higher for the 20 and 30mm overlaps.
A more complete method was applied by Cheuk et al (2002). In their experimental 
testing they used a video-microscope with SGs placed at the end of the overlap on top 
and below the central substrate to measure the bending. Specimens were sectioned and 
inspected in the microscope. The samples tested were double lap joints (Figure 2-9). 
The adhesive was FM73, the central substrate was 2024-T3 aluminium, the others being 
boron/epoxy 5521/4. The fact that it is not an aluminium-adhesive SLJ will have an 
influence on the results. The tests were performed at 3Hz and load applied was 0-22kN 
during 50000 cycles.
Cheuk et al (2002) were able to identify 2 types of crack initiation and propagation 
scenarios (Figure 2-9). Both started at the fillet and propagated along the upper and
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lower interface within the first ply of the composite substrate. Crack 1 initiated earlier 
and propagated further. One of the reasons for this pattern is that the upper substrate 
was slightly longer than the lower one (0.3mm), so localized bending occurred at the 
end of the upper substrate. This was picked by the SGs, which measured an average 
difference in strain of 2500pe between the upper and lower surface of the central 
substrate. The SGs were placed near the overlap end. SEM micrographs of failure 
surfaces suggested that crack propagation was unstable and dynamic because they show 
hackles in the vicinity of the end of the composite substrate. Tensile mode was more 
dominant during the crack growth and shear mode as the crack grows longer.
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Figure 2-9: a) Dimensions and crack paths b) Crack 1 c) Crack 2 (Cheuk etal, 2002)
Zeng et al (2004) also undertook research on fatigue performance of bonded joints. 
Their work focused more on the performance of a new type of joint, called wavy 
(Figure 2-10). In their research they compare the fatigue performance of a classical joint 
with this new type. The dimensions can be seen in Table 2-2.
The joints were fatigued tested at a stress ratio of 0.1 and at 6Hz. A microscope was 
used to monitor the damage in the adhesive during the tests. The load applied in the SLJ 
was 54% and 40% of the static strength. Yet another definition of crack initiation was
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used. In this case it is defined as the number of cycles necessary for the first visible 
crack extension to appear.
During tests, cracks were seen at the ends of the joint, but the initiation times and 
propagation rates were different. This probably shows some of the limitations of the 
microscope and other optical methods. These setups allow measurement of damage only 
on the surface of the bondline, but not on the inside. Damage can appear on the inside 
and propagate towards the sides, but this won’t be detected by the microscope. Also, 
damage at one end can lead to the damage at the other end. With SGs it is possible to 
monitor and interpret this phenomenon.
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Figure 2-10: a) SLJ b) Wavy joint (Zeng et al, 2004).
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Table 2-2: Wavy and SLJ dimensions (Zeng et al, 2004).
Length o f outer adherends L=101.6mm
Horizontal length o f wavy overlap /-25 .4m m
Length of flat overlap /=27.94mm
Length of alignment and end tabs /tab=25.4mm
Thickness of adherends fa =2.0mm
Thickness of adhesive fa=0.127mm
Fillet radius for wavy joint R=10.16mm
Contrary to the conclusions of Crocombe et al (2004) and Quaresimin et al (2006), 
damage was seen at both ends from almost the beginning of the test, at around 1000 
cycles. The damage manifested as a whitening of the adhesive and a debonding crack. 
This probably holds for fatigue tests at higher loads, but if tests are carried out at 30% 
or 20% it is very likely that damage would take much longer to appear. Once the crack 
appeared the crack grew in a stable manner until failure occurred. At this stage the crack 
propagated over 30-40% of the joint span. The authors later concluded that for a SLJ at 
different load levels, fatigue cracks appeared around 104 cycles and the total life was 
around 105. A wavy joint could last 1 million cycles at 50% of the load without showing 
any significant damage.
The geometry plays a key role in the joint performance. Zeng et al just showed it by 
developing a SLJ with a more uniform shear stress distribution. SLJs under tension lead 
to large bending moments caused by asymmetrical loading. These are also lower in 
Zeng’s wavy joint.
2.3 Fatigue modeliing of adhesive joints
2.3.1 General fatigue mathematical models
A number of methods have been developed to identify fatigue crack growth. Most of 
them are based on the Paris law, which describes the crack propagation da/dN (equation
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2.1) as a function of the strain energy release rate (G). Hadavinia (2003) undertook an 
extensive investigation into these methods.
Where a is the crack length, N  is the number of cycles and D a constant. To account for 
crack initiation the model assumed that flaws occurred naturally (‘Griffith’ flaws). Thus 
the Griffith value a0is calculated using equation 2.2.
ao = _  _ 2  K(7 c 2.2
The Paris Law can be integrated to determine the number of cycles to failure (Nf), 
shown in equation 2.3:
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The subscripts 0 and/represent the initial and final crack length. Several methods and 
numerical approaches have been employed to determine Gmax in a single lap joint. The 
resulting expressions are given as a function of the crack length a and the maximum 
applied load per unit width, Tmax.
2.3.2 Fatigue propagation modelling
The most commonly used crack law to calculate fatigue propagation is the Paris Law 
Previous testing has shown that the main crack in the adhesive usually propagates near
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the interface. Numerical techniques have been developed based on the Paris law. Wahab 
et al (2004) integrated the Paris law response between the initial and final crack lengths 
to find fatigue life. This crack growth was expressed in terms of G.
The first step was to determine the number of crack increments required for 
convergence of the numerical integration, then the crack propagation at different loads 
was analysed in order to compare the analytical and experimental results. Reasonable 
agreement between both was found with the load-life curves. However, this technique 
under-predicted fatigue life because the initiation, and crack growth at very small crack 
lengths are overlooked. However, this under prediction can be taken as a factor of 
safety.
Other methods have been applied. Wahab et al (2002) used Gr (total strain energy 
release rate G) as the key parameter. To justify this choice they used Johnson and Mall 
(1985) findings, which stated that the main factor in fatigue crack propagation was the 
total G. On the other hand it should be mentioned that Johnson and Mall only 
considered one type of mode-mixity ratio (the crack lap shear joint). Another reason for 
their choice was that, unlike Gr, the individual components of G (G/ and G//) did not 
show any convergence with FE methods as the crack tip element becomes smaller, 
which was demonstrated by Venkatesha (1996).
Raju et al (1988) solved this problem by showing that an interface model with a thin 
resin layer (0.01mm) would eliminate this non-convergence problem. They determined 
G? and Gfr for edge-delaminated composite laminates using a 3D finite element model. 
Two different concepts were applied: a discrete or bare interface model and a resin 
interface model. As expected, for the bare interface model G\ and Gn did not show any 
convergence. This only occurred in the resin interface model. The conclusion by Raju et 
al (1988) was that the finite element model with the bare interface and crack tip 
elements size AIhp of lA to A, where hp is the ply thickness was a very good 
approximation of the resin interface model. This could back up the validity of the resin 
interface models for adhesively bonded structures, but for the aluminium-epoxy joint
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tested, it is not a solution, as cracks propagated very close to the interface in the 
adhesive layer.
Xu et al (1996) focused on mode I loading for several types of adhesive joints at 
different frequencies. FEA was performed to analyse the strain/stress distribution in the 
joints and to evaluate the 2 parameters that mostly influence the crack growth: J-integral 
and strain energy release rate (G). The model was based on 8-noded quadrilateral 
elements. The adhesive was 0.2mm thick and was divided into 4 layers around the crack 
tip. A more refined mesh with 14 layers was also analysed, but no difference in the G 
was detected. They concluded that G was a good characterising parameter for crack 
propagation, giving almost identical results with the J-integral.
As mentioned before Hadavinia et al (2003, B) have tested the performance of adhesive 
bonded joints under monotonic and cyclic-fatigue loading. A technique designed to 
determine the life of the adhesive bonded joints and its components was applied. The 
method has 3 basic steps:
1. The fracture mechanics data resulting from the experimental testing is modelled, 
leading to an expression linking the maximum applied Gmax in a fatigue cycle to 
the rate of crack growth per cycle to da/dN.
2. This relationship is then combined with an analytical or computational 
description of the variation of Gmax with the maximum applied load per unit 
width, T,„ax and the crack length, a. These parameters are usually given per cycle 
of the joint, or component.
3. The resulting data is combined and then integrated to give a prediction for the 
cyclic-fatigue lifetime of the bonded joint or component.
The pre-processing of the model was undertaken using PATRAN software. ABAQUS 
was used to perform the analysis. The J-integral method was used to calculate values of
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Gmax as a function of the crack length, a, in the joint and the applied load per unit width,
The resulting data was compared with experimental results to assess its reliability. Table
2-3 shows the threshold value of the maximum load per unit area width applied in a 
fatigue cycle Tth. This gives a good idea of the accuracy of the employed mathematical 
models when compared to the experimental data. Note that none of the mathematical 
models is conclusive when it comes to matching the experimental data at different 
conditions.
Table 2-3: Analysis results (Hadavinia et al, 2003 B).
Tth (m/m) GBD CAE PAA
Dry Wet Dry Wet Dry
Experimental 85 50 215 215 225
FEA 120 55 150 155 140
FPMS 135 55 160 165 160
Kinloch-Osiyemi 85 40 120 125 120
Krenk-Hu Mode I 225 65 270 275 230
Krenk-Hu 135 95 160 165 155
No. of cycles at the threshold 10' 10' 10' 10° 10'
Wahab et al (2001) developed a damage model based on thermodynamic principles for 
lap strap and double lap joints. A damage evolution law was derived from the 
dissipation potential function to give a damage variable D (equation 2.4), which is 0 for 
a virgin material and 1 for a frilly damaged one.
d(j) a*2
Y = p —-  = ---------------------------------------------------- 2 4
P 3D 2E(l-Df
Y is the thermodynamic variable associated with the damage variable D, E is the 
Young’s modulus, a* is the equivalent stress and cp is the thermodynamic potential. A 
fracture mechanics (FM) approach was also used.
The results showed that, in general, the damage model predictions were more accurate 
than the FM predictions. Flowever, at high temperatures the accuracy was poor. This
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was probably due to the deleterious effect of creep. The researchers in this case focused 
more on the fatigue thresholds and effects of temperature than on the fatigue 
mechanism.
2.3.3 Fatigue initiation modelling
Crocombe et al (2004) have analysed different crack initiation and propagation 
scenarios. This analysis was based on previous experimental data obtained via backface 
strain gauges. The analysis, summarised here, focused 011 how development and 
expansion of thumb-nail cracks in the interior of a SLJ affects the backface strain 
reading.
The experimental data was obtained by using backface strain gauges on a SLJ. The 
substrate was 2024-T3 (2mm thick) and the adhesive FM-73M (0.2mm thick). The 
strain gauge was placed 1mm inside the overlap region, this coordinate was optimal 
according to previous FEA. A load of 2.75kN was modelled, which represented 50% of 
static strength.
The FEA was performed in Ansys. A 3D model was developed, the mesh contained 
over 11000 nodes. To reduce computational effort, only half of the joint was modelled. 
Crack growth was simulated by decoupling the nodes on the interface between the 
adhesive and the substrate. The degree of decoupling was defined by the number of 
elements in the longitudinal and transverse direction (x x y).
Different crack scenarios were developed using the experimental data and the predicted 
FEA results for the backface strain results. The process started by calculating the same 
initial experimental strain in the gauge position in the damaged joint. Then the strain 
distribution was modified by varying the crack growth so experimental and FEA data 
match. Figure 2-11 shows one of these crack evolution scenarios, the area of the overlap 
shown is 12.5x6 mm. Although this approach fitted the backface strain pattern quite 
well, it was not applied at different loads. More importantly, multiple crack evolution 
scenarios could fit the experimental backface strain data.
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Figure 2-11: Crack evolution scenario (Crocombe etal, 2004).
Barrandon (2004) explored the possibilities of a linear damage model based on the 
adhesive Von Mises stress. The Young’s modulus decreases with the increasing 
damage, this being controlled by several variables. The change in backface strain was 
calculated 1mm inside the overlap region, which is where the SGs were placed. 
However, this model was not applied to the different scenarios, and the models were 
only run at one load. Similarly to Crocombe et al (2004), he was able to fit crack 
evolution scenarios.
Imanaka (2003) developed a continuum damage model, which was coupled with a 
kinetic law of damage evolution. The testing with SGs showed that for the undamaged 
zone, the slope of the stress-strain response varied with the variation of Young’s 
modulus in the adhesive layer. It was therefore decided to call this stress-strain response 
the apparent Young’s modulus. The normalized apparent Young’s modulus was very 
important in measuring the damage characteristics because it corresponded with the 
decrease of effective cross-sectional area due to the formation and growth of voids and 
microcracks.
A damage variable D (equation 2.5) was used to evaluate the reduction in cross- 
sectional area normal to the loading direction. It was given by the elastic modulus of the 
undamaged material Eq, and the damaged material E. This damaged variable was
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assumed to be isotropic to simplify the model. In the early stages of tests the damage 
variable increased gradually, irrespective of the stress range. However, when the 
number of cycles approaches that corresponding to fatigue life, it increases rapidly 
(Figure 2-12). When the experimental and numerical results were compared there was a 
good match. The isotropic damage model was solved numerically and analytically and 
gave similar results.
Number of stress cycles, N
Figure 2-12: Damage variable Dfor experimental and numerical curves versus number of 
stress cycles N (Imanaka, 2003).
Zhang et al (1995) also performed theoretical calculations of crack initiation via a FEM 
analysis in ABAQUS. A tensile load of 2.5 kN was applied. This led to a shear stress of 
3.875MPa in the adhesive. The mesh used was based on an 8-node element. The mesh 
divided the specimen in 7 layers, 3 layers for each substrate and 1 layer for the adhesive 
layer. To measure the stress concentrations at the corners, a more refined mesh was 
used. The total number of elements was 962 and nodes, 3441.
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Cracks were inserted into one end of the adhesive overlap to assess how they would 
affect the strain readings at the SG location. These data were used to assess how the SLJ 
deformed and complemented the experimental data. The study confirmed the 
conclusions drawn from the experimental data, stating that crack initiation could be 
detected by a switch in the strain readings, but as mentioned before this is very 
dependent on the SG position.
Lefevre and Dillard (1999) defined crack initiation using a stress singularity approach 
provided some conditions are satisfied. The results showed that for edge comers of up 
to 90° and modulus ratios of less than 0.1, a failure criterion independent of geometry 
and loading could be determined with a single generalised stress factor. This factor can 
be used to generalise Hatton’s 2D static criterion to define a fatigue initiation surface. 
This surface is experimentally calculated and is a characteristic of a given bimaterial 
system. The same wedges were tested experimentally using a SG near the apex of the 
epoxy wedge. Relying on the stress singularities is a coiTect way of determining where 
the damage is going to initiate, but they do not take into account asymmetric damage 
that occurs and other scenarios which are very common in fatigue testing. Also, very 
thin meshes are required for the analysis; and they would probably struggle when 
calculating the singularity if the crack is on the interface because of the changing stress 
fields at the crack tip and the bi-material properties.
Ishii et al (1998) also used the stress singularity to evaluate the fatigue strength of SLJ 
and single double step lap joints. The fatigue strength was defined as an endurance 
limit, which depended on the apparent values of the stress intensity factor and degree of 
singularity calculated from the maximum principal stress distribution, which was 
obtained from a characteristic range of the critical zone (where the singularity takes 
place). A fatigue initiation criterion was obtained by plotting the order of singularity 
against the stress intensity factor (Figure 2-13), where the critical value is the endurance 
limit. However, this research was aimed more at developing fatigue threshold rather 
than studying the initiation phase.
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Figure 2-13: Apparent stress intensity factor versus apparent order of stress singularity 
Ishii ef a /(1998).
Quaresemin et al (2006) proposed a damage model that was divided into 2 phases in 
order to predict the crack nucleation and propagation:
1. Phase 1: Crack nucleation; in this part a generalized stress intensity factor Ho, 
controlled by the intensity of the singular stress field at the critical location of 
the joint was used.
2. Phase 2: Crack propagation; calculated, as in previous cases, with a derivative of 
the Paris law.
A new equivalent formulation of G was used (Equation 2.6).
G(a)eqw = GI M  + Gn{a)
g ^ + g M
Gii ip) 2.6
Other authors used Gt but it does not take into account the mode mixity. This new 
formula takes into account mode I, II and the mode-mixity. Finally, both types were
used. The number of cycles necessary for the crack to grow up to a critical length is 
given by Equation 2.7.
B/- da 
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The criterion to separate fatigue initiation and propagation was similar to that used in 
the experimental phase. A threshold crack length of 0.3mm was defined as the point 
where crack initiation transforms into propagation.
The model methodology presented by Quaresimin et al is more flexible than others 
presented. The input data are the joint geometry, substrate and adhesive properties and 
stress levels. The first step is to calculate the number of cycles necessary to nucleate a 
crack. This parameter is calculated from a reference scatter band AHo-Nj (Figure 2-14) 
where R is the load ratio, k the stress intensity factor and AHo is the stress intensity 
factor range. This factor is calculated based on the geometry and applied load.
Cycles to crack initiation 
Figure 2-14: Stress intensity against cycles to initiation (Quaresimin et ai, 2006)
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The proportion of fatigue life due to crack initiation varies, usually from 50 to 90% 
depending on the level of reliability and purposes. After this the number of cycles to 
failure can be calculated by integrating the Paris power law (Equation 2.8), where n was 
6 and D a coefficient on life estimation calculated using the probability of survival and 
G.
—  = £>[AG(o)]" 2.8dN L v n
In the first phase an uncracked geometry is used. Surprisingly the authors performed 
linear elastic FE analyses. Usually, taking into account the large deformations 
experienced, non-linear analyses are more reliable. On the other hand, and according to 
the authors, it gave good results.
When used, the damage model gave good results, well within the scatter band of the 
experimental results. When total G was used the results were more conservative. For a 
specimen tested at R=0.05 and maximum stress of llOMPa, with square edge and 90% 
probability of survival, the cycles for crack propagation and failure were 11327 and 
14259 respectively. If total G was used they were 11500 and 14462 respectively.
2.4 Conclusions
Previous research has focused more on fatigue propagation, which is better understood 
than fatigue initiation. Most research agreed that the Paris law, in conjunction with a 
form of G, was the best solution to calculate crack propagation. In some work fatigue 
initiation is ignored and the conservative predictions are interpreted as safety factors. 
This is clearly not efficient and extra research can be done to gain a better 
understanding.
There are a number of factors affecting the fatigue performance of a structure. 
Parameters like geometry, overlap length, adhesive, fillet size, load ratio, surface 
treatment, type of load wave, overlap length and materials employed will have a large 
influence on the results, and have to be correctly understood.
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Fatigue initiation has not been studied in as much great detail. Most of the authors have 
used different definitions of fatigue initiation. In some cases this initiation phase 
occupied 50% of the fatigue life and in others 90%. On the other hand consensus was 
reached on the location of fatigue crack initiation. In a SLJ this would be at the ends 
near the fillets, where stress singularities occur. The process was usually described as a 
microcrack formation, although other researchers used crack nucleation. In reality both 
terms are pretty similar.
Final fracture of the joint was caused by the propagation of the fatigue crack from the 
fillet into the overlap. The direction of propagation is determined by the stress and strain 
concentrations around the damaged zones. The adhesive fillet played a role in where the 
damage initiated, but not on its the propagation. Removal of the fillet eliminated the 
initiation phase and decreased the total fatigue life.
The most common techniques used to monitor fatigue were the the backface strain 
technique and video-microscopy. The backface strain technique is a cheap and effective 
method to measure fatigue initiation. However, it should be kept in mind that the output 
data is very dependent on the gauge position. The optimum position is inside the 
overlap region because they will produce a clear peak as the damage progresses. The 
researchers only used 2 SGs, which limits the output data and does not allow 
measurement of damage in the width direction.
Video-microscopy allows visual monitoring of crack initiation and propagation, but it 
can only measure the damage on the surface of the bondline. If the damage starts on the 
inside it will remain unmonitored until it reaches this surface. This can lead to sudden 
failures occurring during some of the testing (Zeng et al, 2004).
The Paris law is used by most modelling approaches to calculate fatigue propagation, 
which is expressed in terms of the G. However, other techniques made use of the J- 
integral method for large deformations. The Paris equation can be integrated to calculate 
the number of cycles to failure for a given load. This method was applied to both single 
and double lap joints. Reasonable agreement was found between the results. The
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resulting difference could be taken as a factor of safety. Other methods made use of Gr 
(Wahab et al, B, 2001) as critical parameter instead of G/ and G//
Experimental data can be used to simulate the crack growth. One method consisted of 
uncoupling the nodes in a mesh to simulate the crack initiation and growth. It was found 
that the backface strain distribution displaces along the overlap as the full width crack 
length increases. If a small crack develops in the transverse direction it will reduce the 
backface strain peak and to shift it down along the interface. Another method consisted 
of monitoring the damage by measuring the reduction in Young’s modulus as the test 
proceeded.
Crack initiation can also be predicted using a stress singularity approach. It relies on the 
fact that crack initiation generally occurs near the interface comers where the stresses 
fields are singular (Lefevre et al, 1998). There are some limitations to this method, such 
as the size of the singular zone. It should be noted that this approach only works when 
the contact angles are less than 90° and the modulus ratio smaller than 0.1. Ishii et al 
(1998) also used a stress intensity factor to develop a fatigue initiation criterion based 
on a stress intensity factor, but aimed more at developing fatigue thresholds. These were 
also used by Wahab et al (2001).
Fatigue initiation modelling focused more on fixed scenarios, but not on predicting the 
fatigue performance of joint. Quaresimin et al (2006) developed a damage model 
divided into 2 phases, crack nucleation and propagation. For the first one a stress 
intensity factor was used, for the second, a derivative of the Paris law.
The current research aims at developing rules that govern fatigue initiation in adhesively 
bonded structures. The specimens tested will be SLJs but some parameters like substrate 
thickness or overlap length will be modified. Experimental tests will be earned out 
using the backface strain technique and video-microscopy. Some specimens will be 
sectioned, polished and inspected in a microscope. The fractured surfaces will also be 
inspected. Multiple SGs will be used to monitor the damage in the joint. The
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combination of all these techniques represents a huge advantage, especially if 6 SGs are 
used. This multiplies the output data by a factor of 3.
A damage model will be developed in order to fit crack scenarios and predict fatigue 
life at other load levels. Unlike the stress singularity approach, which only gives an 
initiation life, the damage model should enable the onset and evolution of damage to be 
simulated. The crack scenarios will be obtained from the backface strain readings. The 
model will rely on the maximum principal strain in the adhesive and will reduce the 
constitutive properties of the adhesive as damage expands. A more complex elasto- 
plastic model will also be developed.
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3 Experimental m e t h o d s
The experimental testing included the use of a number of procedures and equipment. 
The main aim of this chapter is to summarise the procedures and setup used during 
testing. A correct and logical application is extremely important in order to obtain 
reliable data.
3.1 Test parameters
The testing methodology used was standard. Prior to fatigue tests, specimens were 
statically tested to failure to determine the static failure shear stress ts. When good 
repeatability was achieved, fatigue tests were undertaken. These static tests were 
performed at a monotonic rate of lmm/min.
When running fatigue tests, there are several parameters typically investigated (Kinloch, 
1997): stress ratio R, cyclic shape, frequency and maximum fatigue load. The frequency 
used in all the experimental tests was 5Hz since this had been used by many previous 
researchers and was well within the capabilities of the equipment. The stress ratio R was 
also kept constant, at 0.1, a value which is often used in aerospace component testing 
(Roylance, 2001).
The load applied was determined from zs. By using the static shear stress it is possible to 
take into account small variations in overlap length, which occur when SLJs are 
manufactured. The cyclic shape was sinusoidal. Tests were earned out at nominal peak 
values of 50%, 40% and 30% of ts. The data were then plotted in a load-life (S-N) plot 
to make sure it was consistent and repeatable. Fatigue is a phenomenon with 
considerable scatter, thus is very important to reduce errors as much as possible.
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3.2 Specimens
The specimens tested were SLJ. These were used because they are easy to model and 
build and are a common form of test. The materials used were aluminium and FM73 
adhesive. During the research 3 types of aluminium were used: 2014-T6, 7075-T6 and 
2024-T6. These are mainly used in the aerospace industry (www.kev-to-metals.comL
The adhesive was FM73M, a general purpose aerospace epoxy adhesive manufactured 
by Cytec. Three types of joints were built, their main characteristics are shown in Table
3-1.
Table 3-1: SLJ characteristics.
Type A B C
Aluminium 2014-T6 7075-T6 2024-T6
Substrate length 100mm 100mm 115mm
Substrate thickness 2mm 3.14mm 3.24mm
Adhesive FM-73M FM-73M FM-73M
Overlap 12.5mm 12.37mm 30mm
Adhesive thickness 0.2mm 0.19mm 0.2mm
Width 25mm 25mm 25mm
The substrate surface treatment procedure applied during the manufacturing was 
designed by the Ministiy of Defence (MoD DEF STAN 03-2/3). Prior to etching the 
aluminium is carefully degreased using acetone. A chromic acid etch solution was then 
applied to the aluminium at 62.5°C for 30 minutes. This is followed by a rinse during 15 
minutes. The adhesive is then applied and the resulting joint assembled and clamped in 
a jig together with a set of spacers, which control the adhesive thickness (Figure 3-1). 
The jig is put into an oven at 120°C during 1 hour.
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Figure 3-1: Jig with set of spacers.
The A type joints (Figure 3-2, Table 3-1) were the first to be tested. The next series of 
joints tested were B, these were manufactured by QinetiQ and were similar except in the 
type of aluminium and thickness. They were 50% thicker and made of a stronger 
aluminium. The last joints tested were C type. The main difference with the B type is 
the overlap length (30mm) and the aluminium used (2024-T6).
100 mm< ►
12.5 mm Width = 25mm
Figure 3-2: Dimensions of SLJ A.
The size of the fillets is controlled by the pressure applied by the jig, this assured that 
the size and geometry was similar at both ends. The fillets had a concave shape as 
Figure 3-2 shows. The consistency was higher in the centre than in the sides, as
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adhesive at the edges seep out as the jig is put in the oven. Figure 3-7 shows a top view 
of the overlap with the fillet, where it can be clearly seen.
The changes in geometry were dictated by the experimental results. When using the 
aluminium (2014-T6) initially available, tests could not be carried out at 30% because 
the aluminium would break before the adhesive. This is a large disadvantage when 
developing damage models. As a consequence a number of joints manufactured from 
Qinetiq were used. Since the substrate was thicker it was possible to carry out the full 
scope of tests (50%, 40 and 30% of rs).
After testing all Qinetiq joints more aluminium was acquired, and a new joint geometry 
was tested (C type). When testing A and B type joints, it was found that microcracks 
merged into a major crack just before failure. C type was built with a longer overlap 
(30mm) to determine if the patterns was the same in joints with longer overlap. Table 
3-2 shows the mechanical properties of the aluminium used when manufacturing the 
joints.
Table 3-2: Aluminium properties (www.alcoa.com).
Aluminium Yield strength (MPa) Tensile strength (MPa) Elongation
2014-T6 414 483 13%
2024-T6 345 427 5%
7075-T6 503 572 11%
The FM73M adhesive had a nominal thickness of 0.18mm, two layers were used to 
build the SLJs. Liljedahl (2007) measured the mechanical properties at different 
conditions (Figure 3-3).
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Figure 3-3; Mechanical properties of FM73 adhesive (Liljedahl, 2007).
3.2.1 Heat treatment
The changes for aluminium 2024-T6 were dictated by availability. It was very hard to 
find suppliers with the specific aluminium at the small quantities required. For the C 
type joint, the aluminium had to be tempered at the university to obtain a T6  standard 
from a TO, which was the type originally bought.
A T6  heat treatment for 2024-T0 consists of a solution treatment for 30 minutes at 
500°C, water quench and then aging for 16 hours at 175°C. To check that the strength 
was adequate, tensile and hardness tests were performed. The test samples (Figure 3-4) 
were manufactured following British Standard guidelines (BS EN 10002-1:2001). The 
cross sectional area of the specimens was 12.5mm x 3.24mm. Note that the specimen 
shown on the right is untested.
Figure 3-5 shows the strength of treated and untreated aluminium. The tests were 
carried out at a crosshead speed of 0.5mm/min. The ultimate strength of the T6  type was 
164% higher, and comparable to the nominal value. Although the tensile test method 
gives stresss-strain data for the aluminium, it is very time consuming because the test
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pieces have to be machined. Hardness tests were calibrated against the ultimate strength. 
This mode of testing was carried out to determine later heat treated aluminium 
properties.
The hardness tests were carried out using a Rockwell B index applying 100kg force 
with l/16inch diameter ball. The 2024-T6 value was on average 70. The untreated 
aluminium was extremely soft, and the force had to be reduced to 30kg to obtain a 
value, which was approximately 10. Table 3-3 provides a summary of the aluminium 
properties.
Table 3-3: 2024-T6 and 2024-T0 properties.
Aluminium 2024-T6 2024-T0
Ultimate strength (MPa) 440 175
Hardness (Rockwell B index) 70 at 100Kg force 10 at 30Kg force
Figure 3-4: Tensile test specimens (2024-T6).
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Time (min)
 2024-T6 ------ 2024-T0
Figure 3-5: Tensile strength of 2024-T0 and T6 aluminium.
3.3 Equipment
The experimental testing required the use of a number of items of equipment, ranging 
from SGs to fatigue machines. An Instron 1341 fatigue machine was used for most of 
the tests. The maximum dynamic load that can be applied was 40kN and it was 
equipped with hydraulics grips. It can be used for both static and dynamic tests. The 
fatigue tests were controlled using a Model 793.10 multipurpose testware (MTS, 1999). 
This testware allows recording of parameters like load, displacement or time for both 
static and fatigue tests.
The Instron 1341 could not be used for the tests involving video microscopy due to the 
orientation of the grip. Instead an Instron 8511 was used. The maximum load that can 
be applied is 20kN and it is equipped with wedge action grips.
Video microscopy was used when testing C joints (Figure 3-6). The setup is fairly 
simple, a microscope is placed perpendicular to the bond line, and a DVD recorder is
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used to monitor how the damage progresses. This technique is useful and complements 
the backface strain readings, but it is not as reliable and effective. A photo of the 
complete setup is presented in Figure 3-10.
Six strain gauges were placed on the SLJs. The strain gauges used were EA-13-060LZ- 
120 uniaxial SGs are self-temperature compensated. They have a resistance of 1200 
and the gauge factor ranges from 2.055-2.075 (www.vishay.com). CPF-75C connectors 
were also used. The process applied to install the SGs is typical in aluminium structures. 
First the location is degreased using acetone, then conditioner and neutralizer are 
applied with a thin silicon-carbide paper to ensure good contact between the substrate 
surface and SG. The SGs can then be bonded. The wires are soldered using a 361A- 
20R-25 solder and a soldering station set at approximately 375°C. Finally, rosin solvent 
is applied to clear any dirt left by the soldering.
Grips
SLJ
Microscope
Camera
Figure 3-6: Video-microscope used to monitor damage in bondline.
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Figure 3-7: SGs positions in C joint.
One of the SGs is placed in the centre (y=12.5 mm) while the other 2 are positioned 
midway (Figure 3-7). This is approximately 5.4 mm in from the edge. This 
configuration of 3 gauges/side has several advantages, it allows the strain to be 
measured in the width direction and can give indications of torque and bending effects 
caused by minor eccentricities in the grips. In joints A and B all 6  gauges were placed 
1mm inside the overlap, while in C joints they were placed 1, 3 and 5mm inside the 
overlap. This configuration allowed monitoring of crack growth at more locations, and 
provided more data to be used in the damage models. More details can be seen in 
section 3.5.
The SGs were connected to Wheatstone completion units, and the change in output 
voltage caused by strain was amplified and recorded using an in-house 6  channel strain 
gauge amplifier and in-house data logging software package, DAFT (Figure 3-8), 
written in Labview (Maume, 2003). The data are presented in 6  screens, one for the 
voltage change in each SG and another showing the changes in all 6 . The recording 
frequency is typically set to be as in the fatigue machine (5Hz). The maximum voltage 
variation is from -10V to 10V. During the tests it records maximum and minimum 
voltage values, and snap shots of the complete voltage change of all 6  SGs.
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Figure 3-8: DAFT software presentation.
Figure 3-9 shows a block diagram of whole the system. The testing was carried out in a 
temperature controlled room. Note that the polarity is such that compressive strain will 
be given as positive and vice versa. Figure 3-10 shows the complete setup on the Instron 
8511. Appendix A contains a sample of the calculations necessary to convert the change 
in voltage to strain.
Figure 3-9: Block diagram of recording phase.
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  lnstron8511
  DAFT software
Amplifier
DVD and TV
Figure 3-10: Setup of a test.
3.4 The backface strain technique
This technique was first used to characterise crack initiation and propagation in welded 
structures. It involves placing a strain gauge on the exposed surface of the material 
being joined, near a position where fatigue is likely to initiate. SGs are ideal for this 
purpose because they are flexible and rugged (Window, 1993). In a joint, the location of 
fatigue failure is usually at the overlap ends where the load transfer takes place, since 
the local stresses will be highest there. (Crocombe et al, 2002; Zhang et al, 1995). 
Figure 3-11 shows the SGs placed in a single lap joint subjected to an axial load:
Gauge
Crack ------------ — -------
\ f  7Load  L____
<-----------------
Figure 3-11: Backface strain technique in a SLJ.
Load 
 ►
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Figure 3-12: Deformation and axial strain of a joint under tensile load.
The loading is eccentric so a moment is generated. This leads to a rotation as in 
Figure 3-12, which shows the axial strain in a deformed joint. The largest strain occurs 
at the ends of the overlap. Six SGs have been installed on the “backface'’ of the 
substrate. When a crack initiates at one of the ends, it causes a relaxation in the local 
deformation of the joint, and displaces the backface strain peak to a point close to the 
new crack tip. Therefore, this method relies on the fact that the strain reading in the 
gauges will change as the crack initiates. Note that this change will be very dependent 
of the SG position.
Figure 3-13 shows the change in backface strain with increasing crack length for joint 
A. Here cracks have been modelled at both ends. As it is possible to see, the largest 
change take place inside the overlap length, especially at 1 mm (shown as a dashed line). 
As the crack grows the peak will shift along the x axis and increase. In 
Figure 3-14 it is possible to see the change in the strain at a SG position shown in 
Figure 3-13 (1mm within the overlap).
Ba
ck
fa
ce
 
st
ra
in
 
Ba
ck
fa
ce
 
st
ra
in
5.00E-04
O.OOE+OO
-5.00E-04
-1.00E-03
-1.50E-03
-2.00E-03
-2.50E-03
-3.00E-03
1.00E-03
 0  1mm 2mm  3mm  4mm
Figure 3-13: Change in backface strain with damage.
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Figure 3-14: Backface strain change at SG location.
3.5 Strain gauge position and sectioning
When analysing the data, it is very important to know where each of the SGs were 
placed. Figure 3-15 shows the actual location of each SG during the test program. A and 
B type joints were tested with all gauges placed 1mm inside the overlap. For the tests in 
C type joints the gauges were placed “in steps”, SG2 and 5 were placed 1mm inside the 
overlap, SG3 and 6  were placed 3mm in and SGI and 4 were placed 5mm in. Note that 
the drawing is not in scale.
Some A and B type joints were sectioned after performing limited damage fatigue tests. 
The sectioning scheme is shown in Figure 3-16. The overlap area was sectioned into 4 
parts as the numbers indicate. They were then put into an epofix mould. Then they were 
ground using silicon-carbide paper of grain size 320-4000; and polished using DP-mol 
ranging 3-0.25p,. All joints except A5 and A6  were sectioned as mode I shown in Figure 
3-16 a.
a) b)
Figure 3-15: SG positions in a) A and B type joint, b) C type joint.
SG4-6
End B
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a) b)
Figure 3-16: Sectioning of A and B type joints, a) mode I, b) mode II.
3.6 Initial strains
Before the tests were run, several checks were made to determine how the SGs were 
performing. When clamping the joint the strain changes were recorded to assess any 
torsion and bending pre-loads applied during gripping. A short static test was run by 
increasing the load from 0 to 2kN, and then back to 0, in 0.5kN intervals. By doing this 
it is possible to determine that the gauges are measuring the strain correctly and to 
identify any faulty gauges.
Figure 3-17 shows the backface strain evolution in Joint A6  during gripping. As the 
joint is clamped, there is a change in strain in all 6  gauges. From the pattern it is clearly 
seen that bending is taking place. SG1-3 measures compression and SG4-6 tension. 
There is also some torsion because otherwise the strain readings at SGI-3 would be 
equal and opposite to SG4-6. Note how all readings change as the fatigue machine goes 
from displacement to load with a set value of ON control (second 13). Appendix A 
shows the change in terms of voltage.
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One end clamped Both ends clamped Zero load in fatigue machine
■SG1  SG2 SG3 SG4 SG5 SG6
Figure 3-17: Strain variation during gripping.
Figure 3-18 shows the static test from 0 to 2kN for the same joint. The load then goes 
back to 0  to check that there are not any hysteresis issues.
0.0004
iito
Load (kN)
SG1 —■—SG2 SG3 —x—SG4 - * -S G 5  —•— SG6
Figure 3-18: Static test from 0 to 2kN.
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It is possible to see that the SGs do not measure exactly the same backface strain with 
increasing load. This is caused by variations in the SG position. Nominally they should 
be placed 1mm inside the overlap length, but this can vary by up to 0.5mm. As was 
mentioned before, the SGs are placed in a very sensitive position, thus any small change 
in position will lead to variations in the backface strain. Table 3-4 shows the SG 
positions measured from a shadow graph for joint A6 . The X and Y axis were defined in 
Figure 3-7. The other SGs are located at similar position inside the overlap, and it is 
difficult to calculate the exact coordinate, even using the shadow graph.
Table 3-4: SG positions.
X Y
SG1 11.332 5.389
SG2 11.505 12.865
SG3 11.577 5.288
SG4 11.483 5.545
SG5 11.431 12.439
SG6 11.551 5.56
SGI was placed somewhat more “inside” the overlap than the others, thus it will 
measure a lower strain. Undertaking these preliminary types of tests is very important 
because it allows a better understanding of the backface strain values measured during 
the actual fatigue tests.
Similar tests were carried out in B and C type joints (Figure 3-19 and Figure 3-20). 
Note that for the C type joints, gauges measure compressive and tensile strain. This 
occurs because the gauges have been placed 1, 3 and 5mm inside the overlap. As Figure
3-13 showed, the backface strain varies with the position along the overlap. The peak 
strain is also lower: 0.00035 compared with 0.00015. This is caused by the longer 
overlap, which reduces the deformation for a similar load. Note how the response of the 
SG varies with the position. As it was mentioned before, the SGs in C type joints were 
placed 1, 3 and 5mm inside the overlap. The installation of gauges in B and C type 
joints was in general less troublesome, since by this stage familiarity had been gained 
with the installation process.
67
Ba
ck
fa
ce
 
str
ain
 
Ba
ck
fa
ce
 
st
ra
in
0.0004
-0.00005
Load (kN)
—♦—SG1 — SG2 SG3 —x—SG4 - * -S G 5  — SG6
Figure 3-19: Static test (B type joint)
0 . 0 0 0 2
-0 . 0 0 0 2
-0.00025
Load (kN)
SG1 —■—SG2 SG1 —x—SG4 - * -S G 5  —•— SG6
Figure 3-20: Static test (C type joint).
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3.7 Estimation of torsion and bending effects
As mentioned before, torsion and bending effects influenced the backface strain 
readings when the joint was clamped due to small grip misalignments. These effects are 
very difficult to control because they depend on a very large number of factors which 
are independent of the gauge position, such as:
Thickness of the joint ends with end tabs. In order to prevent any damage to the 
machine and to avoid asymmetric effects, end tabs are used. These are simply 
bonded post joint manufacture so it is very likely that the thickness of the 
bondline varies across the width.
Variation in the adhesive thickness. Sometimes there are small variations in the 
adhesive thickness, both across and along the joint. This will generate torsion 
and bending when the joint is clamped.
Some analyses were performed in ABAQUS to assess if the variations in initial 
backface strain were significant and represented significant errors. A 3D joint was 
modelled and placed under different angles of rotation and at different bending 
displacements. The analyses were used to develop charts relating the degrees of rotation 
and millimetres of bending displacement to changes in backface strain.
To model bending an A type SLJ was modelled (Figure 3-21) . A substrate free length 
of 70mm was used. One end of the joint was encastre while at the other a displacement 
was applied; 8  noded elements were used applying full integration. To use less 
computational power, only half the width was modelled (12.5mm) while setting the 
displacement in axis 3 across the joint to 0 to reflect the mid plane symmetry (Figure
3-22).
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Figure 3-21: Mesh and deformation in A joint.
Figure 3-22: Boundary conditions used in bending analysis.
70
0.0003
-0.0003
Applied bending (mm)
— SG2 —■— SG5 SG1 and 3 x SG4 and 6
Figure 3-23: Bending effects versus change in backface strain.
Figure 3-23 shows the final relationship between the bending and backface strain, which 
was measured at the locations where the SGs were placed. The deformation and trend 
are as expected. The gauges placed at one end (SGI-3) go into tension and the others 
into compression (SG4-6).
A similar method was applied to find the strains caused by torsion. In this case the full 
width was used because deformation is not symmetrical (Figure 3-24). One end was 
encastre and at the other a rotation about axis 1 was applied. Figure 3-25 shows the 
calculated relation between the torsion and change in backface strain. The gauges at the 
centre (SG2 and 5) measure very little change in strain, while in the others it is larger.
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Figure 3-24: Deformation strains of a SLJ under torsion.
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Torsion (°)
SG1 —■—SG2 SG3 —x—SG4 - * - S G 5  SG6
Figure 3-25: Torsion versus change in backface strain.
By using the initial strains such as those measured in Figure 3-17 it is possible to obtain 
an estimation for the bending and torsion effects in that particular clamping
arrangement. Note that these effects are very difficult to quantify, and the ABAQUS 
analyses do not take into account some of the factors affecting these readings. However, 
the method shows that the effects of torsion and bending in the joint are very small. For 
joint A6  they were estimated to be 0.58mm in bending and 0.62° in torsion. Before this 
methodology was developed, dial gauges were used to measure these effects, but their 
accuracy was too low for the deviations taking place. Appendix B shows a sample of 
the method developed in this section.
3.8 Conclusions
A summary of the equipment characteristics and performance has been provided. Many 
parameters like torsion, bending or grip alignment were investigated to obtain reliable 
experimental data. This is vital any research project. During the experimental phase the 
setup and equipment proved robust and reliable, and allowed a more complete coverage 
of fatigue initiation if compared to other methods.
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4  E x p e r i m e n t a l  r e s u l t s  a n d  d i s c u s s i o n
In this chapter the experimental results will be discussed and analysed. Several type of 
tests were performed to examine how fatigue initiated and propagated. The chapter is 
divided into several sections depending on the type of test. The methodology applied 
allowed the analysis of many variables: SGs readings, microscopy images and failure 
surfaces. This allowed a thorough interpretation of the fatigue phenomenon.
4.1 Load-life charts
In any fatigue study it is fundamental to have good quality and reliable SLJs to perform 
the research. Since fatigue is a very non-repeatable phenomenon it is important to 
reduce other variables leading to variations. The most common method to check the 
specimen’s reliability is to plot the load-life data in a S-N plot as shown in Figure 4-1. 
Previous data from other researchers using aluminium-FM73M have also been included. 
All types of joints (A, B and C) fit well the general trend.
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Figure 4-1: S-N data for A, B and C joints.
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4 . 2  S t a t i c  t e s t s
The static tests were very important as they assess whether the joints are repeatable. 
One o f the four joints built in every batch was tested to failure. The tests were 
performed on the Instron 1342 fatigue machine at a monotonic rate o f 1 mm/min.
45
A-l A-ll A-lll A-IV B-l B-ll C-l C-ll C-lll
Specimen
Figure 4-2: Static strength of joints
Figure 4-2 shows the static strength o f some o f the joints. It can be seen that the 
repeatability is quite good, the data from A type joint was compared to similar one 
measured by previous students (Barrandon, 2004) and there was a good match. The 
static strength o f the C joints was lower, even if the failure load was higher, as the 
overlap surface was much larger.
The Von Mises stresses at 50% of rs for A, B and C type joint were 384.6MPa, 
265.2MPa and 301.5MPa respectively. If these data is compared to that shown in Table
3-2 it is possible to see that the stress for A type joint was very close to its yield value. 
As a consequence test at only 50 and 40% of ts were possible, since at lower loads the 
aluminium would fail before the adhesive.
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4.3 Fatigue tests to failure
4.3.1 Joints A
Joints A were the first to be tested. The load range was limited because at lower loads 
the aluminium would break before the adhesive, thus fatigue tests were conducted at 
only 50% of rs (Table 4-1). Note that the actual load is slightly different. This is caused 
by small variations in the overlap length, which leads to small variation in rvand load.
Table 4-1: Summary of A joints tested to failure.
Specimen % of Ts Maximum load (kN) Nf (Cycles)
A1 50 6.40 25175
A2 50 6.36 18500
0.0025
N (Cycles)
SG1 —x— SG2 SG3 - a -  SG4 SG5 SG6
Figure 4-3: Summary of backface strain readings from Joint A2.
Figure 4-3 shows the backface strain data for Joint A2, which was tested at 50% of rs. 
On the Y axis the difference between maximum and minimum backface strain is plotted 
(Asbf). The maximum fatigue load was 6.4kN. This test can be considered as a typical 
fatigue to failure test. The backface strain pattern is different at end A and B. In this
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case the usefulness of the SGs is clearly apparent. If other methods like video­
microscopy had been used, it would have been more difficult to assess where and how 
damage initiated.
Initially the change in strain is modest at end B, but at 12500 cycles the rate of increase 
is much larger, reaching a peak at approximately 17250 cycles. This peak is especially 
significant in SG5, which reaches 0.0016. In SG2 and 5 the increase is lower, thus the 
damage initiated where SG2 and 5 where placed. This damage prevented SG6  from 
measuring a higher increase. The strain increase and subsequent decrease at end B 
matched FEA predictions well. Crocombe et al (2002) also investigated this 
phenomenon.
The gauges placed at end A exhibited a different trend. In this case there was a 
transition region at approximately 14000 cycles but the subsequent increase was more 
gradual until failure. This transition occurred later when compared to SG4-6, it seems 
that the change in backface strain was triggered by damage adjacent to SG4-6. All 
patterns are similar, with the strain range increasing constantly until N=15000. Then the 
increase is much larger, reaching up to 0.0025. SG6  has a higher initial strain and the 
difference with respect to SG4 and 5 increased with the number of cycles until reaching 
the peak strain. This probably occurred because the damage under SG6  expanded more 
rapidly.
The initial strain values varied from 0.00027 to 0.00060. As mentioned in the previous 
chapter this variation is caused by torsion and bending eccentricities, which were 
estimated to be 1.3° and 0.27mm respectively.
Joint A l (Figure 4-4) was the first joint tested. Since this was the first experimental test 
only 2 SGs were used. The damage initiated first in end A; transition took place at 
12500 cycles. The strain increased at end B but it’s peak was still lower (0.0008 
compared with 0.0015). Transition occurred at 18000 cycles. This probably means that 
the damage at end A prevented end B from damaging any further and the SLJ just 
failed. In any case the data are more difficult to analyse because there were only 2 SGs.
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Initial strain values were similar to those in A l, but no torsion or bending can be 
calculated as there is only 1 SG at each end. The life of the joints were very similar 
(25175 cycles compared to 18500 cycles).
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Figure 4-4: Summary of backface strain readings from Joint A1.
In both joints (A2 and A l) the damage initiated at one end and caused an increase in 
backface strain at the other end. In theory damage should be the same at both ends as 
the stresses are going to be the same, but this is not always the case in experimental 
tests. The fillet or the adhesive thickness can vary from one end to the other, and this 
will cause differences in the stresses at both ends, leading to damage initiating earlier at 
one end.
4.3.2 Joints B
Since the scope for testing type A joint was limited, another type of joint with a thicker 
substrate was used. Joint B. The advantage of this type of joint is that fatigue test to 
failure at 40 and 30% were possible (Table 4-2).
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Joint B1 was the first of this type to be tested at 50% of r5, the maximum fatigue load 
was 5.7lkN. The backface strain readings can be seen in Figure 4-5 and Figure 4-6. 
The main difference from the type A joints is that the transition region is not as obvious. 
Also, the changes in backface strain are smaller: 0.0015 versus 0.0005; which is 
probably caused by the thicker substrate, which leads to lower bending and lower 
backface strain readings.
Table 4-2: Summary of B joints tested to failure.
Specimen % of Ts Maximum load (kN) Nf (Cycles)
B1 50 5.71 14200
B2 40 4.47 37250
B3 40 4.56 72125
B4 30 3.34 233007
0.0016
N (Cycles)
-♦— SG1 — SG2 —a—SG3
Figure 4-5: Summary of backface strain readings from Joint B1 (SG1-3).
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0.0014
0.0016
N (Cycles)
—x—SG4 — SG5 — SG6
Figure 4-6: Summary of backface strain readings from Joint B1 (SG4-6)
The transition region is much harder to define. For SGI-3 there is a small change in 
trend at 7000 cycles, where the strain increment accelerates (arrow a). At N=11000 the 
strain change increases again (arrow b), especially in SG2. Note that in SGI there is a 
decrease, which is probably caused by damage at that position.
At end B the pattern is more straightforward. There is a transition at approximately 
9500 cycles and a peak of 0.00013 at 13500, followed by a decrease just prior to failure. 
Note that this final decrease is less obvious than in type A joints. The damage probably 
initiated at end A since changes could be seen in the strain readings at 7000 cycles, also 
SGI clearly decreases prior to failure. In any case, the patterns at both ends were quite 
similar, which means that damage actually initiated at both ends. This is a rather 
different scenario than in joints Al and 2 , where damage at one end triggered damage at 
the other end. Initial strains also varied much less than in A joints, from 0.0007 to 
0.0009. The bending eccentricity was estimated to be 0.32mm while torsion was 
negligible.
80
Tests performed at 40% also show similar trends (Figure 4-7 and Figure 4-8). The 
maximum fatigue load was 4.45kN and test lasted 38000 cycles, which matched S-N 
data well. As in the previous case the pattern is similar at both ends. Transition at SGI 
and 2 occurs at around 17000 cycles and the peak strain is 0.0011. Damage seems to 
have initiated in this region because at the end of the test the readings were decreasing, 
which means failure of the adhesive at that area. On the other hand SG3 increased 
almost constantly until the end of the test, there seems to be a small change at 28000, 
occurring at the same time when SGI and 2 start to decrease
At end B SG4 increased until failure, with a smooth transition occurring at 
approximately 20000 cycles. It seems that the last region affected by damage was the 
right side, where SG3 and 4 were placed. These 2 gauges did not show any evidence of 
damage initiation. Transition at SG5 and 6  occurred at around 20000 cycles, but the 
total increase in strain from 0 cycles in SG5 was higher (32% compared with 19.7% at 
SG6 ). It seems that the damage initiated at the regions where SGI and 2 were placed 
and then propagated through the rest of the overlap.
The initial strain was very close to that measured in B1 although it should be lower as it 
was tested at 50% and not 40%. This is caused by variations in the SG positions. Type 
B joints were manufactured by QinetiQ and the overlap length varied more than the 
ones built at Surrey. The bending eccentricity was 0.46mm while the torsion was less 
than 1 °.
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Figure 4-7: Summary of backface strain readings from Joint B2 (SG1-3).
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Figure 4-8: Summary of backface strain readings from Joint B2 (SG4-6).
82
A second test at 40% was performed (Figure 4-9 and Figure 4-10). The fatigue life was 
higher than in the previous test but both fitted well the S-N data (Figure 4-1). In this, 
transition at both ends occurs at a similar number of cycles (40000). At end B the 
pattern is very similar for all gauges, with a constant increase until failure. The strain 
increased from approximately 0.0007 to 0.0011. The total increment matched the one 
obtained in previous test and was lower than the one at 50%, which is consistent.
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Figure 4-9: Summary of backface strain readings from Joint B3 (SG1-3).
At end A (Figure 4-9) the increase in strain is more variable. In SGI it is possible to see 
a stable region just before a final increase and failure (59000-62000 cycles), SG2 also 
stabilises prior to failure while SG3 has the same trend as those at end B. The damage 
seems to have evolved in a similar way at both ends of the joints, since there are no 
major differences in trends. Bending and torsion eccentricities were estimated to be 
0.46mm and 0.77°.
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Figure 4-10: Summary of backface strain readings from Joint B3 (SG4-6).
Joint B4 was tested at 30% of the static shear strength (3.34kN) to ensure that the data 
were consistent. The test lasted 233000 cycles (Figure 4-11 and Figure 4-12). This fits 
the load-life curve well (Figure 4-1). At this load a pattern was much more evident. At 
end A (SGI-3) transition occurs at 100000 cycles; the strain starts to increase and 
reaches a peak at 170000-180000 cycles in SGI and 3, the peak strain is reached by 
SG3 and is 0.00085. After the peak the strain gradually reduces until failure at 233000 
cycles. The trend of SG2 after transition is somewhat different, the peak is reached at 
150000 cycles and the decrease is more variable. The maximum strain increment was 
measured in SG3 (2.7x10‘4) and the lowest in SG2 (2.2x1 O'4).
At end B the trend is the same in all 3 SGs. The increase is constant from the beginning 
with transition taking place at approximately 110000 cycles. The damage at end A 
probably influenced this transition. The strain increment at end B is larger than at end
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Figure 4-11: Summary of backface strain readings from Joint B4 (SG1-3).
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Figure 4-12: Summary of backface strain readings from Joint B4 (SG4-6).
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A (3.5xlO"4 compared to 2.3x1 O'4). Bending and torsion eccentricities were estimated to 
be 0.21mm and less than 1°. SG5 and 6  measured a peak strain of 0.0009.
When comparing the backface strain data for type A and B joints there were 2 
parameters which proved to have a huge effect on the readings: substrate thickness and 
the fraction of ts applied. The substrate thickness had a huge influence as bending was 
lower on the thicker joints, thus the strain increment was lower. At higher loads the 
damage evolved faster, so it is harder to see the typical patterns of a fatigue test to 
failure: transition, peak and final decrease.
4.3.3 C joints
After the first 2 batches of tests a new geometry was investigated. In this case the joints 
had a longer overlap in order to have a longer period of damage growth. Video­
microscopy was used to assess the damage along the bondline and compare it to that 
seen in the photomicrographs obtained from previous tests of specimens. As with type 
B joints, tests were performed at 50, 40 and 30% of is (Table 4-3) As mentioned in the 
previous chapter, the SGs were staggered to obtain more data on damage propagation.
Table 4-3: Summary of C joints tested to failure.
Specimen % of TS Maximum load (kN) Nf (Cycles)
C1 50 8.30 10442
C2 50 8.40 1 0 1 0 0
C3 50 8.50 34253
C4 40 6.60 60500
C5 40 6.60 59995
C6 30 4.96 420000
Figure 4-13 and Figure 4-14 show the strain readings for joint C l, which was tested at 
50% of ts (maximum load 8.3kN). The SG position is given in the chart for greater 
clarity. The test lasted 10500 cycles. As it is possible to see, placing the SGs at different 
overlap lengths increased the output of data and gave better understanding of the 
damage pattern. The peak strain was 0.0011, lower than for the Joints A and B.
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It can be seen that at both ends the pattern of strain is similar at corresponding SGs. The 
readings from SG2 and 5, placed 1mm inside the overlap were very similar to that seen 
in joints A and B: a constant increase from the beginning, a peak at approximately 9000 
cycles, and a decrease prior to final failure.
Gauges placed at 3mm and 5mm have similar patterns and a very clear transition, but 
the starting value is different since they are placed more inside the overlap: -0.0003 and 
-0.0007 respectively. Damage seems to have propagated faster at end A because there is 
a clear decrease in the strain at joints SGI and 2 before failure. As the damage increases 
there is a shift in the strain peak, causing an eventual decrease in strain as the damage 
extends and reduces the effective overlap length. At end A the peak strain is higher in 
SG3 (0.0014), while at end B SG4 and 5 have a similar values (0.0012).
The initial backface strain values for joints tested at the same load were very similar, 
thus torsion and bending effects were low. The peak strains were also very comparable 
except for SGI and 6 .
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SG1 [3mm] —* — SG2 [1mm] —a—SG3 [5mm]
Figure 4-13: Summary of backface strain readings from Joint C1 (SG1-3).
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Figure 4-14: Summary of backface strain readings from Joint C1 (SG4-6).
The video-microscope was used but the test was not interrupted to take stills, so image 
quality was compromised. Cracks only seemed to appear at the very end of the test, at 
around 9500 cycles expanding very quickly until failure at 10500 cycles. This suggests 
that fatigue initiation causes a change in colour in the adhesive, caused by microcracks 
which will converge into a major crack before failure.
The second test performed at 50% of r^had a similar life (Figure 4-15 and Figure 4-16), 
approximately 10000 cycles. This case is also very interesting as it can be clearly seen 
that the damage initiated and propagated faster at end A (Figure 4-15). Transition 
occurred earlier in all 3 gauges compared with corresponding gauges at the other end. 
The difference between SG2 and 5 throughout the test is rather small, but SG2 measures 
a peak at 7800 cycles while SG5 reaches the peak when it fails.
The difference in transition is more clear for the other SGs. If the X axis is taken as 
reference it is possible to see that the strain in SGI transitions and becomes positive
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before 6000 cycles. At 8600 cycles it measures a peak of 0.00084 and then decreases 
until failure. The strain measured in SG6  reaches transition after 6000 cycles, and 
increases until it fails. Peak values at end A are lower than in the previous case, being 
0.0008, and SG3 is decreasing as it fails. This is probably caused by more extensive 
damage.
The same trend occurs in SG3 and 4. The strain in the first transitions at 8100 cycles 
and reaches a peak at 8900, before failure. The second transitions much later, at 
approximately 9500, and increases until it fails. It is interesting to see that the final 
strain readings at end B are higher than end A. All this evidence suggests that the 
damage initiated and propagated much faster at end A, triggering the changes in strain 
at end B.
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Figure 4-15: Summary of backface strain readings from Joint C2 (SG1-3).
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Figure 4-16: Summary of backface strain readings from Joint C2 (SG4-6).
This time the test was halted periodically to take stills from the video-microscopy. 
Cracks only appeared visible at 9000 cycles, which is comparable to Joint C l . Again the 
damage appeared as a change in colour of the adhesive. Stills from the video recording 
can be seen in Figure 4-17. The quality of the image is not very high but it is possible to 
see the initial change in colour at the adhesive (circle), and then the exponential increase 
in crack growth leading to the crack (Figure 4-17 b arrows). The damage appeared to be 
more extensive than in the other tests.
Figure 4-17: Still of end A after a) 9150 cycles b) 9750 cycles.
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Joint C3 was the last joint tested at 50% of r5 . The strain data can be seen in Figure 4-18 
and Figure 4-19. The life was longer than in the previous 2 cases (34253 compared with 
-10000) but within scatter (Figure 4-1).
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Figure 4-18: Summary of backface strain readings from Joint C3 (SG1-3).
The biggest difference lay in the strain change pattern at end B. Unlike previous cases, 
damage initiates shortly after the test starts. Also, at the very end of the test there is 
sharp increase in strain, which takes place in all 3 gauges (SG4-6). The initial and final 
strain values were similar to the previous ones, thus there were no mistakes when 
setting the load in the fatigue machine
In SG5 the peak strain is reached after just 10000 cycles: 0.0007; and remains stable 
until 20000 cycles, where it starts decreasing again. SG4 and 6  measure a constant 
increase from the beginning until reaching the peak, at approximately 28000 and 34000 
cycles.
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Figure 4-19: Summary of backface strain readings from Joint C3 (SG4-6).
At end A the pattern is comparable to previous tests. The strain remains stable until 
reaching approximately 25000 cycles. At this point there is a clear acceleration in the 
change, caused by damage at end B. Just before failure there is clear decrease in all 3 
gauges, which is caused by the joint failing. The sharp increase at end A before full 
failure could be caused by this phenomenon.
Tests at 40% of rs were carried out immediately after the ones at 50%. The first one 
(C4) can be seen in Figure 4-20 and Figure 4-21. The backface strain pattern is very 
similar to that seen in C3. At end A SGI and 2 measure a constant increase in strain 
until reaching a peak at 30000 and 5000 cycles respectively. SG3 reaches a peak later, 
at 50000 cycles, shortly before failure. This is expected because at this location (5mm 
within the joint) there is not that much margin for the crack to expand without causing 
failure. Transition takes longer in SG3 than in SGI and 2, for the former it occurs at 
19000 cycles while for the latter two there is not a clear transition, with strain increasing 
from the start of the test.
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The strain changes at end B are triggered by the damage at end A. There are no major 
changes in strain until SG3 reaches it’s peak at 55000 cycles. From this point on the 
strain change accelerates in SG4 and 6
0.0014
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Figure 4-20: Summary of backface strain readings from Joint C4 (SG1-3).
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Figure 4-21: Summary of backface strain readings from Joint C4 (SG4-6).
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Note that the initial backface strains are rather similar to those measured in C3 (50% of 
Ts) whereas they should be smaller as the tests are at 40%. This occurs because the 
gauges were not placed as accurately as in previous specimens, and they were not as far 
within the overlap as intended. If the position is 0.5 instead of 1mm the backface strain 
initial values will be lower, which is what happens in SG2.
a) b)
Figure 4-22: Crack propagation in Joint C4 at end B fillet a) 58800 cycles b) 60600.
a) b)
Figure 4-23: a) Crack propagation in Joint C4 after 61800 cycles a) end B b) end A
The video recording showed that cracks appeared at end B after 58000 cycles (Figure
4-22). The location is indicated by arrows. The growth rate is extremely fast (Figure
4-23a) and after 4000 cycles the crack had grown not only in length but also in width.
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The microscope was focused at end B most of the time, but some stills of end A were 
obtained at the final stage of the test (Figure 4-23). Note the crack growing from the 
fillet to the adhesive interface (arrows). This type of crack was also seen in the 
specimens which were polished and sectioned.
The final joint to be tested at 40% of r5  was C5. Life is very similar but the strain 
readings of SG3 are somewhat atypical. During the testing it was found that the gauges 
were “noisy”, and this could have affected some of the readings including the initial and 
final strains. At end A (Figure 4-24) the increase in strain is constant from the start of 
the test, except in SG3, where it accelerates faster. This probably means that the damage 
initiated in that region.
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Figure 4-24: Summary of backface strain readings from Joint C5 (SG1-3).
At end B (Figure 4-25) the strain readings are extremely similar to those seen in C4 end 
A (Figure 4-20). It is interesting to see that the peak strains at SG5 and 6  are lower than 
at SG4. This also happened in C4 and is caused by damage propagating, as the damage 
affects the adhesive there will be a change in the strain reading, but after the 
microcracks carry on extending into the bondline there will be no further change in
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strain. At 5mm inside the overlap the deformation and strains will be larger because of 
the loss of effective overlap length.
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Figure 4-25: Summary of backface strain readings from Joint C5 (SG4-6).
The video-microscopy showed extensive damage initiating at end A (Figure 4-26). This 
does not fully match the strain readings as the backface strain initially increases in all 
SGs at end B and remains more stable at end A. On the other hand the SGs readings 
were somewhat noisy and could have affected the accuracy. Also, it is possible that 
damage initiated in a region not monitored by the video-microscopy.
The damage was first seen after 21900 cycles at end A as a small crack in the fillet. This 
crack began to expand at 30000 cycles. Near the end of the test, cracks also appeared in 
the bondline (red arrow). The damage at end B appeared as a change in colour after 
43500 cycles, expanding into a crack at a very late stage of the test.
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Figure 4-26: Cracks in Joint C5 at end A a) 43800 cycles b) 54000 cycles.
Joint C6  was tested at 30%. Since this was a really long test it was stopped and 
continued one day later. The joint failed after only 20000 cycles the second day, so by 
the end of the first day it was close to failure. For practical reasons the author will only 
show the results obtained the first day, which account for 95% of the whole fatigue life.
The strain readings can be seen in Figure 4-27 and Figure 4-28. The results are very 
similar to those obtained at 40% except the number of cycles is much longer. The 
damage initiates at end A, the main difference lies in SG3, which also measures a 
decrease in strain after reaching a peak of 0.0007 at 300000. As in previous cases the 
highest strains are measured in the gauges placed at 5mm, then 3mm and finally 1mm. 
At end B (Figure 4-28) the variation in backface strain is small during most of the test, 
but it accelerates at the final phase, especially in SG4.
The % of is applied has a great influence on the backface strain shapes seen. When the 
load is higher the damage will propagate faster once it initiates; thus the joint fails after 
the strain peaks are reached, as in specimens Cl and C2. On the other hand, at lower 
loads the damage propagates at a lower rate, thus the joint takes longer to fail. SGI and 
3 indicate a transition at 71000 and 155000. The strain then increases rapidly, from - 
0.00018 and -0.000195 to 0.00068 and 0.00073 respectively.
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Figure 4-27: Summary of backface strain readings from Joint C6 (SG1-3).
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Figure 4-28: Summary of backface strain readings from Joint C6 (SG1-3).
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Figure 4-29: Cracks at end A in joint C6 a) 300000 cycles b) 400000 cycles.
The limitations of the video-microscopy were shown in this test. At 216000 cycles a 
visual inspection of the fillet was performed as changes in the strain gauges were taking 
place but nothing was apparent from the microscopy. A large crack at end A was found 
visually at the fillet, but it was not possible to see it in the microscope because it had not 
extended into the bondline face that was being observed by the video-microscope. The 
crack appeared in the fillet and bondline at 300000 cycles and expanded along the 
bondline, growing in width and become more clear (Figure 4-29). The quality of the 
stills in this test are much higher because the fatigue machine was paused at the mean 
load to take capture better images.
4.4 Limited fatigue tests and microscopy
4.4.1 Joints A
The fatigue tests to failure were useful in determining strain trends and the life of the 
joints. Even though these type of tests supplied much useful data it was decided to run 
tests obtaining different levels of pre-failure damage. The tests (Table 4-4) were stopped 
before failure and the overlap region sectioned at different locations to determine how 
the damage initiated and more importantly, to relate the change in backface strain to the
damage initiation and growth. This technique is more time consuming than 
videomicroscopy and does not provide live data. However, it is far* more powerful as the 
damage can be measured on the inside of the joint and different filters can be applied to 
better visualise the change in damage.
Table 4-4: Summary of A joints tested to limited damage.
Specimen % Of TS Maximum load (kN) N (Cycles)
A3 50 6 .1 29065
A4 50 5.7 9232
A5 50 5.6 37515
A6 40 4.5 61102
Joint A3 was the first to be subject to these pre-failure tests. The applied load was 50% 
of t s during 30000 cycles (Figure 4-30). The objective was to cause moderate damage. 
It is possible to see that the strain increased moderately except in SG6 , which was either 
damaged during the testing or affected by substrate cracking. The increase in Aebf varied 
from l.lx lO ’4 (26%) in SG 1 and 2, to 2.2xl0 ’4 (61%) in SG4. The general trend in all 
cases is very similar; with very little change up to 18000 cycles. At this stage there was 
a transition region and the strains began to increase, especially in SG3 and 4. From the 
diagram showing the SG positions it can be determined that crack initiation should be 
occurring in the region of SG3 and SG4, where the strain increase was 2.2x1 O' 4 
(65.7%) and 2.1 xlO"4 (28.7%), Note that the initial strain values vary more than in the 
previous cases, from 0.00037 to 0.00074, and were larger in the gauges placed in 
section B (SG4-6). This is probably due mainly to torsion (1.57°) induced with some 
bending (0 .8 mm).
Figure 4-31 shows images of polished section 4, where the damage was expected to be 
the highest. The damage in both fillets is very similar, although the change in colour is 
more extensive in end B. Figure 3-16 a shows the sectioning mode.
No cracks were found although transition can be seen in SG3 and 4 (Figure 4-30). 
Overall the damage was fairly similar in the edges and centre sections when compared. 
Note that the quality of the images are much higher compared to the video-microscope, 
this is due to the better polishing and grinding, and the use of a filter when looking at 
the damage in the microscope.
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The photomicrographs also show that the aluminium substrate at end A is more rounded 
than at end B. Similar variations were encountered in other joints sectioned, but no 
attempt was made on modelling them as they were very small.
0.001
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-a— SG1 —■— S G 2  —a— S G 3 —x — S G 4  S G 5 — S G 6
Figure 4-30: Summary of backface strain readings from joint A3.
(a) (b)
Figure 4-31: Photomicrographs of Joint A3 Section 4 at a) end A b) end B
Specimen A4 was tested for 9000 cycles (Figure 4-32). The objective was to cause a 
higher damage than in A3. The strain change in the gauges was quite uniform except in
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SG2 and 3. The growth in strain in these 2 gauges was much larger than in the others, 
0.00049 and 0.00069 respectively, while in the remaining gauges it was 0.00018- 
0.00021. These 2 gauges were located on end A, together with SGI, which measured 
the smallest change. On end B the change was low in all 3 gauges, which all measured a 
very similar strain. From these data it is possible to predict that the damage was 
developing faster in the adhesive adjacent to the gauges at end A. The initial strain 
varied less than in the previous specimens, from 0.00037 to 0.00060, note that SGI-3 
are significantly lower than 4-6. It was determined that these strains were the result of 
about 0.24mm and 1.0° eccentricities in clamping.
The specimen was then cut into 4 sections and polished. Figure 4-33 shows fillet A and 
B in section 3. The image confirmed that the damage near the substrate is higher at end 
A, as anticipated by the strain readings, which were accelerating faster at end A.
The damage in the other sections was very similar to that shown in Figure 4-33 b, with 
areas adjacent to the fillet corner showing a change in colour. This test was very 
conservative and did not allow assessment of regions where the damage was extensive. 
There was no evidence of cracks even though a transition region could be seen in SG2 
and 3.
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Figure 4-32: Summary of backface strain readings from joint A4.
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(A) (B)
Figure 4-33: Photomicrographs of Joint A4 Section 4 at a) end A b) end B.
Joint A5 was also tested at 50% of r -^to 37000 cycles. The objective of this test was to 
measure a higher change in backface strain than in A3 and A4 and hence more damage. 
The highest strain change was measured by SG4 being 3.5><10‘4 (Figure 4-34). All the 
other gauges showed a very similar trend until 35000 cycles. At this point four gauges 
produced odd data, measuring a lower strain. This could be caused by damage in the 
aluminium substrate as some preliminary specimens had failed in the aluminium. Any 
substrate cracking in the region where the SGs were placed could have affected the 
readings. The initial strains varied less than in A3 and A4 (0.00023-0.00035), and the 
clamping eccentricities were estimated to be around 1.3mm and 0.7°.
From these data it was possible to determine that the damage in end B was higher than 
in end A, SG4-and 5 gave higher strains during the test and there was evidence of 
transition regions in these gauges. Figure 4-35 shows that the damage in fillet A is much 
larger, and a potential path for a crack can be traced (dashed line). Fillet B shows barely 
any damage and the affected area was extremely small. This does not fully match with 
the change in backface strain, and it could be due to cracks affecting the gauges located
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Figure 4-34: Summary of backface strain readings from joint A5.
(a) (b)
Figure 4-35: Photomicrographs of Joint A5 Section 1 at a) end A b) end B.
Figure 4-36 shows section 3. The damage near the substrate is in both cases very small 
(arrow). However, in fillet B the area is somewhat larger and the change in colour 
brighter. Note that there is also damage at the end of the fillet. There also seems to be a 
crack (arrow), which could have caused the odd data in SG5 after 30000 cycles. In any
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case this trend correlated well with the experimental data since SG4 and 5 were located 
near section 3 B and gave the highest strain change.
(a) (b)
Figure 4-36: Photomicrographs of Joint A5 Section 3 at a) end A b) end B.
The damage in the other sections was similar to that seen in Figure 4-36 A. Overall it 
could be said that the damage was very low in the sections 2 and 3 and a little larger in 
1 and 4. The strain values reached during the testing were very similar to those in A4 
and not enough for cracks to develop.
Specimen A6  was tested at a maximum load of 40% of the static failure load for more 
than 50000 cycles (Figure 4-37). The objective was to obtain the highest possible 
damage without failure occurring. The previous tests had been very conservative and no 
signs of cracks had been detected. The maximum strain was 0.0019 (367.5% increase). 
This final value is much higher than in A3 and very similar to that obtained in joints Al 
and A2, which were tested to failure.
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Figure 4-37: Summary of backface strain readings from joint A6.
The increase in SG4-6 during the first 50000 cycles was much higher, and so were the 
peak values. From Figure 4-37 it is clear that the damage at end B should be much 
higher than in A, since the strain change is much larger. The microscopy confirmed this 
(Figure 4-38), and showed clear cracks. This was the only test where cracks could be 
seen and confirms the data from the microscope: cracks appear very late in the test and 
they propagate very fast in type A and B joints. The transitions occurred at 2 specific 
times: 44000 and 55000 cycles. It is very possible that the transition in SG4-5 initiated 
the transition in the other gauges. Note that in SG4-6 there are several changes in slope 
during the later cycles. This is probably due to the cracks affecting the adhesive 
dynamic response. The torsion caused by the gripping was estimated to be 0.62° while 
the bending was 0.58mm.
The microscopy results matched the strain readings very well (Figure 4-38). In fillet A 
the damage is extremely small, and the area affected insignificant. On the other hand 
fillet B shows extensive damage, and cracks are clearly visible, both in the fillet and the 
overlap area. This trend was similar for the other sections.
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(a) (b)
Figure 4-38: Photomicrographs of Joint A6 Section 3 at a) end A b) end B.
With the data generated from all these tests a scale was developed to classify the 
damage. The damage scale ranged from 0 to 5 depending on the damage: 0 represented 
an undamaged state and 5 a totally damaged state with microcracks. The scale is based 
on two parameters: adhesive area affected by damage, and the change in colour, the first 
being more important than the second. Figure 4-3lb would correspond to early damage 
(1.5 in the scale). An approximate equivalent to medium damage would be Figure
4-33a, with change in adhesive colour and traces of possible cracks. Figure 4-38b would 
correspond to complete damage. This damage scale was plotted against the strain 
change measured during the testing. The results can be seen in Figure 4-39.
The damage remained very similar until the backface strain change reached values 
larger than 0.0008. The lack of data points between Aebf =0.0008 and 0.0012 is caused 
by a damage rate acceleration phenomenon. After Aebf =0.0008 the damage will increase 
exponentially, causing the rapid damage scale increase. This takes place in a short 
interval, and it is hard to capture using existing techniques. Therefore damage rate did 
not accelerate until high changes in strain were reached. Cracks were only seen in joint 
A6 , which was tested almost until failure.
The advantage of a damage plot such as this is that it enables the damage in subsequent 
tests to be predicted directly from the backface strains without sectioning the specimen.
■ A3 A4 x A5 ♦ A6 
Figure 4-39: The variation of the proposed damage scale with backface strain.
4.4.2 Joints B
Photomicrographs obtained from limited fatigue tests showed that the sectioning 
method was very useful in relating change in backface strain Asbf to damage in the joint. 
As was seen, damage initiation appeared as a change in colour of the adhesive, caused 
by microcracks. Cracks only appeared at a very late stage, as a result of the merging of 
the microcracks. Crack propagation was then extremely fast. In Table 4-5 it is possible 
to see a summary of the tests performed with B type joints to limited damage.
Table 4-5: Summary of B joints tested to limited damage.
Specimen % of r s Maximum load (kN) N (Cycles)
B5 40 4.65 7136
B6 40 4.60 10025
Joint B5 was tested at 40% of ts (Figure 4-40). The test lasted 7000 cycles and the 
damage induced was moderate except in SGI, which measures a strain increment of 
0.00021, which is very close to the values measured by some SGs in failure tests, SG2
in B2 (Figure 4-7) and SG5 in B3 (Figure 4-10). The increments in the gauges placed at 
end B was much lower: 0.00012, thus little damage is expected at that end. The initial 
strain values are very similar to those measured in B2. Bending and torsion 
eccentricities were estimated to be 1mm and 0.3°. From these data it is expected to find 
much higher damage at end A than B.
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Figure 4-40: Summary of backface strain readings from joint B5.
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Figure 4-41: Photomicrographs of Joint B5 Section 1 at a) end A b) end B.
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In Figure 4-41 it is possible to see the photomicrographs from section 1. The damage 
observed, matched that suggested by the SG data. At end B there is little if any sign of 
damage, while at end A changes in colour can be seen at the fillet. Note how the change 
in colour has expanded and is affecting the area where the cracks initiate. The image is 
very similar to that seen in Joint A5 (Figure 4-35).
Joint B6  was the last one that was sectioned. The test settings were as in B5. The test 
lasted 10000 cycles and the average strain increment was 0.00028 (Figure 4-42), which 
is comparable to the failure test. The increase in backface strain was somewhat higher, 
20%: 0.00031 (B6 ) versus 0.00026 (B5). In any case the joint was really close to failure. 
Eccentricities in bending were 0.34mm while torsion was very small, 0.1°
Figure 4-43 shows the damage at section 3. The change in adhesive colour intensity 
goes from the fillet to the bondline, but no major cracks are visible, even if the joint is 
extremely close to failure.
6000 
N (Cycles)
1 2 0 0 0
SG1 —■—SG2 —a—SG3 —x—SG4 -# -S G 5  SG6
Figure 4-42: Summary of backface strain readings from joint B6.
The damage at section 2 (Figure 4-44) is different at end A as it extends further more 
into the bondline than in the fillet. This could be caused by the varying geometry of the
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fillet. On the other hand the damage at end B is lower than in section 3 (Figure 4-43). 
Note the bubble of air in the fillet caused by the epofix resin.
f
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(a) (b)
Figure 4-43: Photomicrographs of Joint B6 Section 3 at a) end A b) end B.
(a) (b)
Figure 4-44: Photomicrographs of Joint B6 Section 2 at a) end A b) end B.
These tests form a very useful way to link the damage to the change in backface strain. 
As it is possible to see it is a very useful complement to the backface strain data because 
it allows an estimation of damage without having to interrupt or stop the test. With the 
microscope and filters it was possible to obtain a more complete picture of events 
leading to the fracture of the joint.
I l l
Based on the experimental data it is possible to determine that the crack initiation and 
expansion is caused by initiation of microcracks, which will then merge into a major 
crack at the end of the test. This last phase is very brief and hard to capture. The 
initiation will appear as a change in the adhesive colour intensity, which will propagate 
into a typical crack trajectory. This suggests that predictions of fatigue lives based on 
crack propagation will seriously underestimate the fatigue life of bonded joints.
4.5 Residual strength tests
A few type B joints were tested to determine how the fatigue damage affected the static 
strength of the joint. The tests were run at 40% of rsand a similar method to that used in 
the sectioning was used to determine the damage. The actual change in backface strain 
was compared to that measured in the fatigue tests to failure. This would give an 
indication of how much damage was in the joint. Only B type joints were tested in this 
manner.
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Figure 4-45: Summary of backface strain readings from joint B7.
Figure 4-45 shows the first test performed. Joint B7 was tested for 10000 cycles and an 
average strain increment of 0.00019 was measured in the gauges. SG6  measured the 
highest increment (0.00021) and SG3 the lowest (0.00017). Initial strain values are
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comparable to those measured in similar tests, torsion was negligible and bending 
0.3mm.
After the test was run the joint was statically tested to failure at a rate of lmm/min. The 
failure load was 8.5kN, which is 74% of the strength of the undamaged joint.
A similar residual strength (8.4kN) was obtained when testing Joint B8  (Figure 4-46). 
However, in this case the damage was higher since the strain change was on average 
0.00025, close to that measured in tests run to failure. It is quite surprising that joints 
retain this level of strength because it would be expected to reduce. This is probably 
caused by the microcracks, which will retain more strength than the final crack. The 
torsion induced during clamping was negligible and the bending 0 .1 2 mm.
0 . 0 0 1 2
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Figure 4-46: Summary of backface strain readings from Joint B8.
The final test was performed in Joint B9, and can be seen in Figure 4-47. The average 
strain increment was lower than in the previous 2  cases, 0 .0 0 0 2 2 , but the joint seems to 
be closer to failure. The SGs at end B are measuring a decreasing strain which indicates
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imminent failure. Even so the joint retained 57% of the static strength. Bending and 
torsion effects were negligible.
These tests, although more limited than the ones to failure and sectioning are a useful 
way of complementing the data and show that even when being fatigued the joint 
retains quite a high strength. A summary of all the residual tests undertaken is shown in 
Table 4-6.
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Figure 4-47: Summary of backface strain readings from joint B9.
Table 4-6: Summary of residual strength tests.
Specimen % of r s Actual 
load (kN)
Average
Atbf
Retained
strength
N (Cycles)
B7 40 4.60 0.00019 74% 10000
B8 40 4.50 0.000248 57% 34000
B9 40 4.54 0.00022 74% 37000
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A summary of the bending and torsion eccentricities, together with the maximum and 
minimum strain during clamping is shown in Table 4-7. The bending ranged from 0 to 
0.80mm and the torsion from 0 to 1.57°. The backface strain variations measured during 
clamping were very small when compared to the ones measured during fatigue tests. 
Higher clamping strains were measured in A type joints. This is expected because the 
substrates were thinner and more likely to be affected by clamping. The maximum 
backface strain measured when clamping joint A6  is approximately 0.0001. The 
maximum backface strain recorded when testing joints A2 and A6  is 0.0022 and 0.0018, 
2 2  and 18 times higher.
Table 4-7: Summary of bending and torsion eccentricities.
Specimen Bending (mm) Torsion (°) Maximum 
strain during 
clamping
Minimum 
strain during 
clamping
A2 0.27 1.30 0.00010 -0.000108
A3 0.80 1.57 0.00013 -0.00018
A4 0.24 1.00 0.00019 -0.00022
A5 1.30 0.70 0.00015 -0.000117
A6 0.58 0.62 0.0000985 -0.0000918
B1 0.32 0 0.0000686 -0.0000352
B2 0.46 0.34 0.0000263 -0.0000319
B3 0.46 0.77 0.00012 -0.00017
B4 0.21 0.46 0.0000270 -0.0000319
B5 1.00 0.30 0.00011 -0.000167
B6 0.34 0.10 0.0000382 -0.0000561
B7 0.30 0.0 0.0000519 -0.0000224
B8 0.12 0.0 0.000062 -0.0000404
4.6 Failure surfaces
Photographs of all failure surfaces were taken to investigate evidence of interfacial or 
cohesive mode of failure in the joints; and also to find patterns or trends in the fracture 
mechanisms.
A type joints showed small differences between static and fatigue surfaces. Figure 4-48 
shows the failure surface of a static test, the failure mode is cohesive but it is possible to
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differentiate 2 colours of adhesive. This difference is probably caused by the crack 
propagation, initially it takes place slowly but as damage increases it accelerates. The 
lighter colour would represent the slow crack expansion, and the darker the faster. 
Figure 4-49 (Joint A l) shows the failure surface of a fatigue test, which is a bit different 
to the static type as it shows some apparent interfacial failure on one of the surfaces. 
This interfacial region affects 40-50% of the total surface. This pattern is not as evident 
in Figure 4-50, which shows Joint A2, also tested to failure. In this case the difference 
with the static failure surface is very small.
Figure 4-48: Failure surface of Joint A-l (static test).
Apparent interfacial type
Figure 4-49: Failure surface of Joint A1 (fatigue test).
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Figure 4-50: Failure surface of Joint A2 (fatigue test).
The B type joints were not manufactured in the University of Surrey, so it is more 
difficult to explain the reasons for the surface failures pattern. The failure surfaces of 
both types of tests are more rugged, and not as homogeneous as the A types. Figure
4-51 shows static failure surface. The adhesive layer is not as homogeneous and many 
gaps can be seen. For this type of joints there was a clear difference between static and 
fatigue tests (Figure 4-52). The latter have a clear interfacial pattern, and cracks seem to 
have grown between the adhesive layer and substrate, as there are no visible remains of 
adhesive. These differences could be caused by small variations in the SLJ 
manufacturing process, as the S-N and failure surfaces data were consistent.
Gaps
Figure 4-51: Failure surface of Joint B-ll (static test).
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Interfacial mode, no adhesive visible
Figure 4-52: Failure surface of Joint B2 (fatigue test).
The C type joints also showed a clear difference between static and fatigue failure 
surfaces. The static tests (Figure 4-53) showed a cohesive surface, with variations in 
colour as seen in A type joints (Figure 4-48). The lighter colour is only seen on one side 
of the surface, thus it is likely that damage initiated in that area and expanded, 
accelerating in the final phase and causing that difference in tone.
Lighter colour
Darker
Figure 4-53: Failure surface of C-l joint (static).
colour
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The fatigue surface failures showed a more apparent interfacial failure (Figure 4-54). In 
this case it happens at both ends of the overlap. As in previous cases a darker colour can 
be seen in at the centre of the overlap, which is the last region to fracture in a test.
Video-microscopy was used in one of the static tests performed for C-type joints. Since 
the test was being recorded, a monotonic rate of 0.05mm/min was used, as it would 
allow a better assessment of crack initiation and propagation. Figure 4-55 to Figure 4-57 
shows the sequence from 8  minutes 34 seconds to 9 minutes and 2 seconds, illustrating 
how fast the crack propagation is in the final phase of the test.
Interfacial type
Figure 4-54: Failure surface of C3 joint (fatigue).
The data matched well previous research by other researchers like Apalak et al (2004) 
The damage appears as a change in adhesive colour at the fillet, which expands slowly 
until merging and forming a major crack (arrows). Note that this sequence only shows 
one end and one side of the overlap. In Figure 4-56 the damage is clearly shown as a 
change in colour, but doesn't look like a crack, as there are regions of adhesive between 
the blackened areas. After the last still the damage expanded as a crack would typically 
do.
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Figure 4-55: Still 1, C type joint static test (8:34).
Figure 4-56 Still 2, C type joint static test (8:54).
Figure 4-57: Still 3 , C type joint static test (9:02).
4.7 Data tables
Some parameters measured from the strain readings can be summarised to give a basic 
overview of the patterns observed during the testing. When analysing the data the 
author focused on
Slopes before and after transition. 
Cycles to transition.
Cycles to peak.
Cycles to failure.
The cycle parameters are referred as TV,, Np and Nf respectively; and ratios between them 
were also measured.
Table 4-8: Basic parameters calculated for Joints A.
Joint Pre slope
Post
slope Nt n d Nf % stren Nt/Nf N M
A1 1.40E-08 2.17E-07 12500 20000 25175 0.5 0.70 0.79
A2 1.83E-08 2.00E-07 13000 16000 18500 0.5 0.67 0.86
A3 4.08E-09 - 25000 25000 - 0.5 - -
A4 2.42E-08 1.10E-07 4000 4000 - 0.5 - -
A5 3.42E-09 1.53E-07 27017 37500 - 0.5 - -
A6 4.00E-09 8.30E-08 43000 60000 - 0.4 - -
Table 4-8 shows the basic parameters calculated for the A type joints. Some of these 
parameters could not be calculated for some tests because the tests were stopped prior to 
failure. Nevertheless, it is possible to see that N /N f is very high. When the peak strain is 
reached there are very few cycles left to failure. Transition occurred at 70% of the total 
life. The slope increases by a factor of 10 after transition.
The data for B type joints (Table 4-9) varies, slopes are lower, especially after 
transition. The slope change is very small in most cases, especially when tested at lower 
loads. N /N f ranges from 0.58-0.70, the highest being at 50% r s . At lower values the 
ratio is practically the same (0.58-0.60). N /N f is higher and very close to 1. As 
mentioned before, this is due to the different mechanics of the joint. The substrates are 
thicker so there is less bending and less strain change.
Table 4-9: Basic parameters calculated for Joints B.
Joint Pre tr s Post tr s Nt Nd Nf % stren N/Nf N M
B1 1.92E-08 6.48E-08 10000 13900 14200 0.5 0.70 0.98
B2 4.97E-09 1.93E-08 22000 34000 38000 0.4 0.58 0.89
B3 1.93E-09 7.81 E-09 42000 70000 73415 0.4 0.57 0.95
B4 7.23E-10 3.27E-09 140000 233000 233000 0.3 0.60 1.00
B5 2.14E-08 - - 7200 - 0.4 - -
[ B6 2.50E-08 - - 10000 - 0.4 - -
B7 2.10E-08 - - 10000 - 0.4 - -
B8 7.14E-09 - - 34500 - 0.4 - -
B9 2.98E-08 2.40E-08 27000 36500 - 0.4 -
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Table 4-10: Basic parameters calculated for Joints C.
Joint SG Pre slop Posts Nt No Nf % stre N/Nf No/Nf
C1
1mm 5.30E-08 2.88E-07 7000 8500 10442
0.5
0.67 0.81
3mm 4.60E-08 5.00E-07 7000 9200 10442 0.67 0.88
5mm 6.50E-08 4.90E-07 7000 10442 10442 0.67 1.00
C2
1mm 1.50E-08 1.16E-07 5700 7700 10100
0.5
0.56 0.76
3mm 3.16E-08 2.60E-07 5700 8700 10100 0.56 0.86
5mm 1.50E-08 9.15E-07 6700 9000 10100 0.66 0.89
C3
1mm 3.60E-08 5.29E-10 7700 19000 34253
0.5
0.22 0.55
3mm 3.74E-08 3.30E-09 21000 29000 34253 0.61 0.85
5mm 5.15E-08 2.16E-08 27000 32200 34253 0.79 0.94
C4
1mm 2.70E-08 3.74E-09 0 4580 60500
0.4
0.00 0.08
3mm 8.00E-08 6.54E-09 0 28000 60500 0.00 0.46
5mm 2.04E-08 4.90E-08 18000 57000 60500 0.30 0.94
C5
1mm 2.10E-08 -3.63 E-09 0 11700 59995
0.4
0.00 0.20
3mm 2.28E-08 8.00E-08 5000 30000 59995 0.08 0.50
5mm 1.68E-08 6.50E-08 20000 59995 59995 0.33 1.00
C6
1mm 1.67E-09 -1.35E-09 0 180000 420000
0.3
0.00 0.43
3mm 1.42E-09 4.10E-09 71000 234000 420000 0.17 0.56
5mm 1.29E-09 1.16E-08 155000 300000 420000 0.37 0.71
The parameters for Joints C are more difficult to summarise due to the SG positions. 
For the specimens tested at higher loads (Cl and C2) N /Nj and N /N jare comparable to 
A and B joints. However, as the load is decreased the effect of the longer overlap 
becomes much more apparent: N /N j reduces to 0.37 (at 50% it was 67%). The slope 
change after transition is completely different, as in many cases the difference is very 
small, or pre transition slope being higher. Again, this is caused by the different failure 
mechanism of the joint.
4.8 Conclusions
The fatigue data measured during the experimental phase matched well previous data. 
This is vital for the results to be reliable. The fatigue always initiated at the fillet and 
appeared as a change in colour. This change in colour is caused by the formation of 
microcracks, which will merge into a major crack prior to failure.
The SGs were a powerful and reliable method of detecting and monitoring fatigue in a 
SLJ. However, their location is critical in order to obtain useful results. The backface
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strain pattern had similar characteristics in all joints tested. After starting the test a 
transition region would be detected, where the strain change accelerates. At some point 
a peak would be reached and failure would then occur.
The cracks only appeared very late in the process, especially in Type A and B joins, 
with shorter overlaps (Figure 4-38 and Figure 4-44). In Type C joints cracks appeared 
earlier at low loads (Figure 4-29), but it was after more than 50% of the test. This is 
very important because many researchers had assumed that crack propagation occupied 
a large percentage of the total fatigue life.
The position of the SGs is critical when assessing the readings. The use of 6  strain 
gauges was a major advantage, especially when they were staggered. This setup allowed 
monitoring of damage across the overlap in a much more accurate way. It was also of 
great value when developing damage models.
The type of geometry had a large influence on the backface strain pattern. In A type 
joints the joint would fail immediately after the backface strain reaches the peak, while 
in C type joints the backface strain would stabilise and last much longer. This is caused 
by the longer overlap, which gives more margin for crack expansion prior to failure. A 
thicker substrate led to smaller backface strain ranges.
The load also affected this pattern, especially in C type joint. As the load reduces there 
will be less energy flowing into the microcracks as they appear*, and the propagation rate 
will be slower. This phenomenon is not taken into account in damage models using 
crack propagation, reducing their accuracy.
Video microscopy was a good method to complement the SG data, but should never 
replace it as the main method. Although it is very practical as it allows live monitoring 
of damage, it can be misleading, as the scan area is limited to only to the surface of the 
overlap. Sectioning and polishing was very useful to develop damage maps, which 
allow measurements of damage without stopping the test or destroying the sample. The 
micrographs showed that damage appeared as a change in colour, caused by
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microcracks. These microcracks would then merge into a major crack. The appearance 
of microcracks led to the transition region in the backface strain readings. Cracks were 
only seen in specimens which were extremely close to failure.
The residual strength tests showed that the SLJs retained a considerable portion of the 
initial strength, even when the fatigue damage was close to failure
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5 FE modelling procedure
Prior to developing damage models and comparing the modelling data with the 
experimental, it was necessary to run analyses in ABAQUS and Fortran to assess which 
type of model was optimal. This chapter examines the process of developing a model 
and analysing its characteristics in terms of mesh type, density, boundary conditions and 
dimensions. This process is very important in order to obtain reliable and logical 
modelling data.
The damage models developed in Fortran are also outlined. In total 3 types were used: 
single phase, two phase and elasto-plastic. The objective of these damage models was to 
be able to predict backface strain patterns and fatigue lives at different loads.
5.1 ABAQUS code
All of the simulations performed in this thesis were undertaken using the FEA software 
ABAQUS. This software is described as a suite of engineering simulation programs. It 
uses a finite element method to solve simulations ranging from simple linear analysis to 
complex nonlinear ones, where parameters like moisture are introduced. It was 
developed by Simulia inc and is very popular in aerospace, automotive and academic 
applications.
ABAQUS is applied via a number of modules which are included in the CAE menu. 
The user develops and launches a simulation after building the model using the 
modules. The work starts in the part and property modules. In these the geometry and 
material properties are generated. ABAQUS allows both 2D and 3D structures. Then 
the structure is assembled and mesh can be applied.
The next set of modules include the step and boundary conditions. In the first the type 
of analyses is specified, using parameters like non-linearities and fixed  or automatic
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time step. Boundary conditions are perhaps the most important module in any 
simulation, as they are critical to the results. In this module the displacements or forces 
can be specified on regions or points, with the objective, seeking to simulate the 
conditions applied in the experimental tests. In this case it the tests were a SLJ under 
tensile load. There is also an interaction module with extra options that can be applied 
in conjunction with loads.
Before the analysis is launched the mesh has to be generated. The mesh used has to 
balance time (and resources) with accuracy. This module offers different types of mesh 
which are applied depending on the structure’s complexity. The mesh can be refined by 
increasing the number of seeds, or by applying a mesh with a higher number of nodes. 
This section allows plane strain or stress to be selected, which is relevant in 2D 
analyses.
Finally the analysis can be launched. ABAQUS will first generate an input file which 
will then be run. The input file can also be modified for various reasons, e.g. including 
a user subroutine or changing the amount of output information.
5.1 .1  T h e  m o d e ls
The joints tested were modelled in ABAQUS to study the backface strain variation and 
develop damage models. The dimensions were the same except for the substrate length. 
In the models only the free unclamped length was represented, thus the substrates were 
30mm shorter (the gripping length) on each side. The whole geometry was first 
modelled, and then the adhesive was created by partitioning the corresponding region. 
The substrates were further partitioned so mesh refinement could be increased in the 
overlap area.
Figure 5-1 shows a model with the boundary conditions. One end was encastre while at 
the other end the displacement in Y direction was set to 0. Rotation about the Z axis was 
also set to 0. Boundary conditions are critical when performing the analysis. The load
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was applied on the whole right end using the coupling function. This function ensures 
that the load applied over all the end is the same. As the model was symmetric, the 
backface strain was the same on both overlaps (upper and lower).
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Figure 5-1: Models of a) A joint b) B joint c) C type joints.
The majority of the work was performed in 2D because 3D is too time consuming and 
takes too much computational resource. This is especially important when calibrating 
the damage model. Further, 2D models also allow more refinement. Non linear 
geometry was used as the joint deformation affects the stresses.
The different joint configurations (A-C) result in large variations in the backface strain 
distributions. Figure 5-2 shows the backface strain distribution above the overlap at 
50% of is, which is equivalent to 6.4kN, 5.7kN and 8.3kN respectively for A, B and C 
type joints. The pattern of backface strain in the 3 joints is typical of a SLJ under tensile 
load. At the start of the overlap there is tension, but towards the end it becomes 
compression. This is seen very clearly in the graphs. The compressive and tensile peak 
strains match well with those measured in the experimental testing.
Although the calibration and validation of damage models is performed by comparing 
the simulated and measured backface strain, there are other parameters that need to be 
considered. The maximum principal strain is one, since the damage model uses it to 
calculate the damage.
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Figure 5-2: Backface strain distribution for the joints at 50% of r s
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Figure 5-3: Maximum principal strain distribution for the joints at 50% of rs
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Figure 5-3 shows the maximum principal strain along the adhesive overlap for the 
joints. As expected the strain is larger at the edges, where deformation and load transfer 
takes place.
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Figure 5-4: Shear stress distribution for the joints at 50% of t s
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Figure 5-5: Von Mises stress distribution for the joints at 50% of rs
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The same trends are seen in the shear XY and Von Mises stresses (Figure 5-4 and 
Figure 5-5), with higher stresses measured at the edges of the adhesive overlap. A type 
joint reaches higher values because the substrates are thinner and there is more 
deformation.
5 .1 .2  M e s h  a s s e s s m e n t
ABAQUS offers a range of choice in terms of mesh, type and density. The mesh should 
be chosen in a way that is accurate and flexible i.e the computational time and resources 
are reasonable.
When developing the damage models, several meshes were tried. The damage model set 
some limitations in terms of mesh density and number of elements. One of the 
consequences of the induced damage in the adhesive is that the joint deformation 
increases. If the deformation is too high the analysis may terminate; but this does not 
reflect fatigue failure. If this is assumed the damage model would underpredict the life 
of the SLJ.
The size of the analysis can also affect the mesh choice. When running simulations of 
fatigue tests at 30% of static failure load, the number of increments is very large. This is 
a clear disadvantage because the damage models use the increments as blocks 
representing a number of fatigue cycles. 2D is more flexible and less time consuming, 
and the output is very similar.
This section shows the mesh assessment performed taking the case of type A joints at a 
load of 6.3kN (50% of ts). The assessment is first performed in terms of mesh size and 
then, when the mesh has been chosen, other options will be considered.
Figure 5-6, Figure 5-7 and Figure 5-8 show the mesh densities of the meshes. These are 
8  noded plane strain and quadrilateral elements since the shape is simple. Note that in 
the refined mesh the number of elements around and in the adhesive is much larger, 
especially when compared to the coarse mesh.
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The backface strain distributions can be seen in Figure 5-9. The distributions are 
virtually identical for all 3 meshes., indicating that any of the meshes are adequate for 
backface strains. However, this may not be the case for adhesive stresses and strains. 
The maximum positive backface strain is 0.00087 at 6 mm while the maximum negative 
strain is -0.0018 at 12.79mm.
Figure 5-6: Coarse mesh (Joint A) with contours showing axial strain.
Figure 5-7: Medium mesh (Joint A) with contours showing axial strain.
Figure 5-8: Refined mesh (Joint A) with contours showing axial strain.
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Figure 5-9: Backface strain comparison.
When measuring data in the adhesive layer, the differences are more evident and vary 
more depending on the mesh. This is caused by the presence of singularity points at the 
edge which cause very high stresses. Figure 5-10 shows the shear stress for all 3 
meshes. The stresses were measured by plotting a path along the centre of the adhesive 
layer. The shear stress is the same for all 3 meshes except in the edges, where the
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refined and medium meshes give a higher stress, 55MPa and 47MPa, than the coarse 
one, 43MPa. The Von Mises stresses comparison has the same pattern (Figure 5-11).
60
Distance across adhesive (mm)
 Refined M edium  Coarse
Figure 5-10: Shear stress comparison.
Distance across adhesive (mm)
R efined M edium  Coarse
Figure 5-11: Von Mises stresses comparison for all 3 meshes.
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The maximum principal strains (Figure 5-12) are also a matter of interest since they will 
be used in the damage model. As expected the refined and medium mesh give the 
highest strain, which occurs at the edges. The refined mesh measures a maximum 
principal strain of 0.05 and the medium 0.045. In this case the coarse type only reaches
0.04.
Distance across adhesive (mm)
 R efined Coarse Medium
Figure 5-12: Maximum Principal Strain.
A medium mesh with 8  noded elements was used in the parametric study. It provided 
good results using reasonable computational power. Eight noded elements were used 
because they are more accurate and compensate the lower mesh density when compared 
to other analyses. ABAQUS offers other options like 4 noded meshes. This option 
reduces the number of integration points in the element (Figure 5-13). When tested it 
was found not as accurate as the 8  noded (Figure 5-14), thus it was not used.
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Linear element 
(e.g., CPS4)
Quadratic element 
(e.g., CPS8)
Figure 5-13: Linear and Quadratic elements (ABAQUS 6.5 manual).
1.50E-03
1.00E-03
Distance along overlap (mm)
Medium 8 noded Medium 4 noded
Figure 5-14: Backface strain distribution for meshes using 4 and 8 noded elements.
Since this is a 2D model, a choice has to be made between plane stress and plane strain. 
These are assumptions which are taken in order in order to have the most appropriate 
data using a 2D model of a 3D experiment. In plane strain the strain normal to the Y 
plane (known as out of plane), ez is assumed to be 0 , together with the shear strain yxz 
and yyz. In plane stress the out of plane stresses (oz, oxz and oyz) are assumed to be zero.
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Figure 5-15 shows the medium mesh under plane stress and plane strain. Deformation 
in the former is larger as there are higher positive and negative strains. A  third approach 
has also been used: aluminium substrates are meshed as plane stress and the adhesive as 
plane strain. The corresponding distribution is closer to plane stress than plane strain.
1.50E-03
-2.50E-03
Distance along overlap (mm)
Medium plane strain —  Medium plane stress
---------Medium plane stress-strain
Figure 5-15: Backface strain patterns for plane stress, plane strain and plane 
stress/strain.
5 .1 .3  2D v e r s u s  3D
3D models o f  the joints were also developed to assess the differences with respect to the 
2D models. Although most analyses are run in 2D, 3D has one main advantage: it 
allows evaluation o f  the parameters in the width direction.
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Figure 5-16: 3D mesh applied in type A joint.
138
The 3D model can be seen in Figure 5-16. The mesh density is broadly comparable to 
the medium 2D mesh. The increased elements cause the computational time to rise 
exponentially: a 2D analysis usually takes a few minutes while the comparable 3D 
analysis can last hours. It is obvious that this is a major disadvantage when running 
damage models or parametric studies.
The boundary conditions were the same as those in the 2D analyses (Figure 5-17). Only 
half the joint was modelled to save computational power. Note that coupling has been 
used to have the same boundary conditions at the end where the load is applied. Figure 
5-18 shows the backface strain distribution at the centre and side o f  the 3D model. The 
trend is similar to the 2D results but there are some differences, the backface strain at 
the centre peaks at about 5mm whilst at the side at 9mm. The negative peak is 
somewhat higher for the centre section as well.
3D cen tre  3D side
Figure 5-18: Backface strain pattern at centre and side of type A SLJ.
139
Finally the 3D backface strain distributions can be compared to the 2D to establish 
which type is more suitable (Figure 5-19). As expected the plane strain type is the 
closest to the 3D at the centre o f  the joint. In any study 3D analyses will offer more 
data, but the computational requirements make them unsuitable in many cases.
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Figure 5-19: 3D versus 2D meshes with plane strain and stress.
The adhesive Von Mises stresses have been plotted in Figure 5-20. As expected the 
largest variation occurs in the edges o f  the overlap, with stresses ranging 80-95MPa. 
The largest value is measured by the medium plane stress type. I f  medium plane stress- 
strain is applied the peak values will be similar to the ones obtained in the 3D centre, 
and medium plane strain. The match between the medium plane strain and 3D centre is 
very good.
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Figure 5-20: Stress distribution in adhesive overlap obtained with different meshes.
The use o f FEA in engineering applications has one major shortcoming: it is very easy 
to make a mistake and not notice it. This is due to the fact that FEA will almost always 
provide an answer. There are certain ways to check the reliability o f  the results, like 
analysing the deformation, but in some cases it would be very complicated.
This is one o f  the reasons why Crocombe (2003) created a spreadsheet capable o f  
calculating shear stress X Y  and peel stress Y Y  distributions across the adhesive o f  a 
SLJ. This will allow comparison o f  the FEA results with an independent method (Figure
5-21 and Figure 5-22). As it is possible to see, the match is very good in both cases.
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Figure 5-21: Shear stress distribution across adhesive, FEA against spreadsheet.
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Figure 5-22: Peel stress distribution across adhesive, FEA against spreadsheet.
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5.2 The damage models
The main objective of these damage models was to fit and predict the experimental data 
that are logged as the fatigue tests evolve. The parameters to be compared were the life 
(cycles to failure) and the backface strain. This was rather complicated because some of 
the damage models fitted the backface strain readings very well at one load, but were 
not able to predict the life at different loads. On the other hand, other damage models 
were able to fit the life at different loads but did not match the backface strain patterns.
5.2 .1  O n e  p h a s e  d a m a g e  m o d e l
This type was the first to be developed. It works by introducing a user defined damage 
field variable which reduces the Young’s modulus. The user defined field (USDFLD) is 
introduced in ABAQUS by modifying the input file (Table 5-1). The damage 
corresponds to the third number in the third line and fourth line, and increases from 0  to
1. This change is caused by the introduction of a dependency variable. Note that the 
Young’s modulus varies between 2000 and 2MPa whilst the Poisson’s ratio remains 
unmodified at 0.4. The change in Young’s modulus is shown in Figure 5-23.
Table 5-1: Code introduced to run user defined field.
♦Material, name=Adhesive 
♦Elastic, dependencies^
2000., 0.4, ,0
2., 0.4, ,1 
♦user defined field
♦depvar
_
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Figure 5-23: Variation of Young’s modulus with user defined field damage.
The user defined field is given in Appendix C. The damage (D,) is calculated using 
equation 5.1:
The fatigue life N is broken into increments defined as AN. Each increment in 
ABAQUS represents certain number of cycles. The subroutine uses several parameters: 
8 th is the threshold strain and N is the number of cycles per increment; b and z are 
constants and together with the maximum principal strain (£„jar) define the damage 
propagation rate. The algorithm works by extracting the strain from ABAQUS. Then an 
// condition is used to verify if the strain is larger than the threshold strain. If so, the 
damage rate (AD/AN) is calculated with b, z and eth (Table 5-2). If the strain is less than 
the threshold strain then the damage is set 0 .
5.1
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Table 5-2: Parameters used to calculate damage rate F.
if (£max < Su,) then 
dD/dN = 0 “
else
dD/dN = 6 x  (£max - sth)z 
end if
If b is increased the damage rate will increase, reducing the fatigue life. The effect of e,/t 
is the opposite, it will slow down the damage propagation.
The parameter z has a more complex influence. At low z values, the damage occurs 
more rapidly and uniformly across the overlap. This is because the effect of maximum 
to minimum strain (edge to centre of overlap) is reduced at low powers and enhanced at 
high powers. At high z values the damage will localise more at the edges of the adhesive 
and will be significantly reduced, and b has to be increased significantly to fit the life. 
The effect on the backface strain pattern is to increase the fatigue life and reduce the 
cycles to transition. The slopes before and after transition are also lower. More detail 
will be given in next chapter (page 160).
Immediately after the damage is calculated, the field variable is updated (Table 5-3). 
The field variable corresponds to the damage in the previous increments plus the new 
damage. Note that it cannot rise above 1.
Table 5-3: Parameters used to update field variable.
field(1) = statev(1) + (dD/dN) *  AN 
if (field(1) > 1) then 
field(1) = 1 
end if
In the last step the state variable is updated (Table 5-4):
Table 5-4: Updating the state variable. 
statev(1) = field(1)
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One of the issues when running the analysis was that the load could not be applied 
instantaneously with non linear geometry on. The problem was resolved by defining an 
amplitude (Figure 5-24) for the load:
3000
Time (t)
Figure 5-24: Force versus time in ABAQUS analysis.
The points represent the increments. The user defined field was modified so it only 
started when the load was fully applied i.e. for second and subsequent increments 
(Table 5-5).
Table 5-5: Code used to determine damage model launch 
IF(KINC > 1) THEN
Each increment represents a block of AN  fatigue cycles and this continues until the joint 
fails or the specified number of increments (cycles) have been applied. Fixed time steps 
were used in the analysis, as they will allow more controllability over the amount of 
developing damage. Figure 5-25 shows a flow chart of the single phase damage model 
application. After the analyses is performed the backface strain, adhesive strain, stress 
and damage evolution can all be viewed.
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Figure 5-25: Flow chart of single phase damage model.
5 .2 .2  T w o  p h a s e  d a m a g e  m o d e l
The two phase damage model was developed as a refinement of the first model to 
represent two different mechanisms of fatigue damage. A transition point between the 
two mechanisms can be changed, allowing the damage model to accelerate the damage 
propagation. The user subroutine was modified (Table 5-6).
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Table 5-6: Two phase damage model
IF(KINC <= 10 .AND. KINC > 1) THEN 
print*, '1st phase'
User values
 £th = 0 . 0 0 ___________
b = 1 2 0 0 0 . 0
N = 1000
z = 6.0
SECOND PHASE
IF(KINC> 10) THEN
print*, '2nd phase'
User values
sth = 0 . 0 0
b = 450000
N = 1000
z = 6.0
In this specific example each increment is equivalent to 1000 cycles. After 10000 cycles 
the b parameter is increased in order to accelerate the damage. Note how the print 
statement can be used in order to check that the damage model is working as expected.
5 .2 .3  E la s to -p la s tic  d a m a g e  m o d e l
The 2 phase damage model provided an improvement and was ahle to fit the 
experimental data, both in terms of the backface strain and life. However, it was 
difficult to set the transition point and further, the model could provide unrealistically 
high values of adhesive stress as yielding was not included.. This is a clear 
disadvantage, especially in situations when there would be no experimental data from 
which to extract the model parameters.
Previous damage models only modified the Young’s modulus. As the damage increased 
the modulus reduced. In this damage model the yield stress was also reduced, therefore 
plasticity would occur as the adhesive stresses became high, affecting the adhesive. The
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yield stress was set to 64MPa, which is somewhat higher than the experimental values 
provided by Liljedahl. This is due to the nature of the experimental testing, which was 
partially in shear.
To make the simulation more accurate, a variable time step was introduced. This means 
that the simulation will run extra increments at lower time increments until deformation 
(caused by damage) caused joint failure (analysis termination). Table 5-7 shows the 
changes performed in the input file to introduce the plastic damage in the model. Figure
5-26 illustrates the effect of damage on yield stress.
Table 5-7: Code used in Elasto-plastic damage model
♦Material, name=Adhesive
♦Elastic, dependencies=1
2000., 0.4, ,0
2., 0.4, ,1
♦Plastic, dependencies^
64..0., ,0
6 ..0 ., ,1
♦user defined field
♦depvar
_
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Figure 5-26: Effect of damage in yield stress.
5.3 Conclusions
A study of ABAQUS and Fortran was performed in order to gain familiarity with them. 
Data from ABAQUS was obtained by using different mesh densities and analysis types 
to assess which combination was adequate. The data were verified using a method 
independent of ABAQUS. The data was consistent and reliable.
Most modelling work was performed in 2D using a medium plane strain mesh. This 
model offered a good balance between accuracy and computer resources. Some 3D 
models were used to verify trends and estimate bending/torsion eccentricities.
Several damage models were developed in ABAQUS. As the research progressed and 
more experimental data were available, it was improved. This has resulted in an 
approach to measure damage in adhesives. A damage variable is calculated using the 
maximum principal strain. In the one and two phase models this variable will reduce the 
Young’s modulus, while in the elasto-plastic model it will also reduce the yield stress.
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6 Modelling results and discussion
This chapters focuses on the characteristics and calibration of several damage models. 
The aim is to match the experimental backface strain and S-N data. The first section 
shows the advantages and disadvantages of using a single phase elastic damage models 
with a high or low power. From the conclusions drawn more accurate damage models 
are developed: two phase and then elasto-plastic, which are able to fit the experimental 
data reasonably well.
Modelling is also performed to determine other responses like residual strength and 
crack growth. Although they were not the main focus of the research, they did help in 
understanding some of the results from experimental tests as well as the variability of 
the backface strain readings.
6.1 Single phase damage model
6.1.1 P a ra m e tr ic  s t u d y
The single phase damage model was the first to be developed and compared to the 
experimental data. During the development process data from type B joints were used 
since there was a S-N diagram with lives at 50, 40 and 30% of the static shear strength 
(LA-
Before the analysis is reviewed it would be useful to recap the formula used in the 
damage model.
dD/dN = b x  (smax - £th)z
Where smax is the maximum principal strain. b and z are the values changed in order 
to fit the experimental data.
151
Prior to matching the experimental and modelling backface strain, it was necessary to 
undertake a parametric study to assess how the different parameters were going to 
influence the results. As b, e,h or z is changed, the backface strain pattern will vary. The 
objective of this parametric study was to determine how the different variables affected 
the modelling strain, and to determine which variables were more suitable when fitting 
the experimental backface strain.
The study was performed using a B joint, a medium 8  noded plane strain mesh was used 
(Figure 6-1). Boundary conditions were the same as those outlined in the previous 
chapter. The modelled substrate length was equal to the free length (70mm), as the end 
tabs were not modelled.
The parametric study was first performed at 40% is (4.46kN), then the same analyses 
were repeated at 50% (5.7kN) to assess how they would fit the life at different load. It 
should be remembered that one of the aims of the damage models was to predict the life 
at different loads.
During the parametric study b, eth and z were modified. The procedure was simple, an 
initial set of parameters would be used as default, and then they would be modified in a 
systematic way to see the effect in 2  main areas: backface strain and life.
■ i l l )
■ H I  __________. g fl| | p p— mummnmmmrnmmumm*— -
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Figure 6-1: Mesh applied in B joint with contours showing Von Mises stresses.
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The backface strain readings can be seen in Figure 6-2. Table 6-1 shows the effect of 
the parameters on cycles to peak (Np), cycles to transition (Ni) and cycles to failure (Nj). 
The default analysis used 6=0.000035, z=0.25 and e,/?=0.0, which fits the experimental 
backface strain data at 40% (Joint B2-Figure 4-10). The backface strain was measured 
1.5mm inside the overlap length. This difference with experimental test is caused by 
adhesive fillets, variations in SG position and overlap length.
The parameters had a huge influence on the strain pattern and life. When b was 
increased to 0.000085 (Table 6-1) there were no major changes in N /N f  or N/N j but the 
life was reduced by more than half, from 720000 to 30000. The b parameter causes a 
pure damage acceleration, without varying other patterns.
When 6//, was increased to 0.01, N /N f  reduced from 0.63 to 0.32. The change is caused 
by the damage propagation. When £,/, is used the damage focused more at the edges, 
which become fully damaged long before the e,/,=0.0 cases. However, at this stage (fully 
damaged edges), the rest of the joint is relatively undamaged and has substantial life 
remaining, which leads to a large number of cycles at peak backface strain. This is not 
very suitable to fit experimental data because it is far too low.
When z was increased to 0.5 the life of the joint increased dramatically, from 72000 to 
133000. This represents a factor of 1.84. N{/N f remained similar but N /N /reduced. This 
occurs because the maximum principal strain in the adhesive is less than 1 , thus when 
raised to a higher power the damage rate will be lower. A higher z also forces the 
damage to concentrate more in the edges of the adhesive.
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Figure 6-2: Backface strain variation at 40% r s-
Table 6-1: Transition, peak and failure cycles for different parameters (40% r s).
b z £th Nf NP Nt Np/Nf N/Nf
0.000035 0.25 0 72000 72000 45000 1 0.63
0.000085 0.25 0 30000 30000 21000 1 0.66
0.000035 0.25 0.01 133000 83000 42000 0.62 0.32
0.000035 0.5 0 192000 180000 100000 0.95 0.52
0.000035 0.5 0.01 380000 260000 120000 0.68 0.32
The analyses were then repeated at 50% of 15  (Figure 6-3 and Table 6-2). to see how the 
life would fit the experimental life. As it is possible to see there is a major problem: the 
reduction in predicted life does not correspond to that observed in the experimental 
testing. The default analyses reduced by a factor of 1.05 (from 72000 to 68000). A 
higher b (0.00085) produced a small increase in the reduction factor, 1.14 (from 32000 
to 28000). This is clearly not enough, as the experimental reduction factor was 
approximately 5, from 72000 to 14000. When e,/7=0.01 was used the reduction factor 
was also not enough, only 1.27 (from 133000 to 104000).
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Figure 6-3: Backface strain variation at 50% r s.
Table 6-2: Transition, peak and failure cycles for different parameters (50% r s).
b z Nf Np Nt Np/Nf N/Nf
0.000035 0.25 0 68000 67000 44000 0.99 0.65
0.000085 0.25 0 28000 28000 18000 1 0.64
0.000035 0.25 0.01 104000 77000 40000 0.62 0.38
0.000035 0.5 0 168000 160000 90000 0.95 0.54
0.000035 0.5 0.01 284000 198000 100000 0.68 0.35
On the other hand there was a larger reduction factor at z=0.5 when compared to the 
default, 1.14 (from 192000 to 168000). When eth was added the reduction was even 
larger (1.33), but the N /N f  is too low to fit the experimental data: 0.35 compared to ~0.6 
in the experimental tests. Further understanding in the analyses can be obtained by 
using ABAQUS. Thus damage, backface strain and principal strain across can be 
plotted to understand the damage evolution.
155
Figure 6-4 shows the backface strain evolution for the default analysis at 40%. The 
damage causes an increase in the peak strain and a shift along the overlap. At the start of 
the analysis the backface strain at the SG position is approximately 0.00066 reaching 
0.0012 at the end. The large increment in backface strain after transition corresponds to 
the appearance of fully damaged elements at the edges of the adhesive. This was 
verified both with 2D and 3D modelling. At this stage the damage has fully propagated 
across the width and starts evolving into the length.
The maximum principal strain along the adhesive overlap was plotted to assess the 
effect of the damage (Figure 6-5). Initially the change was rather small, but after 
transition at 45000 cycles the increase was much larger, especially at the edges. On the 
last increment the strain increased from 0.15 to 0.25. The bumps are caused by the 
damage model geometrical extrapolations
6.00E-04
0 8000 16000 - 24000 32000 40000 48000
56000 64000 72000
Figure 6-4: Backface strain evolution at 40% (default).
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Figure 6-5: Maximum principal strain evolution across adhesive at 40% (default).
The adhesive maximum principal strain is closely interlinked with the damage (Figure
6 -6 ), as it is the parameter used. The damage progresses rather smoothly, and there are 
no major differences between the edge and centre of the adhesive. After the edges 
become fully damaged (58000 cycles), the damage expands inwards. At the end of the 
simulation there are more than 4mm of fully damaged adhesive, with the remaining 
very close to failure. Appendix D displays damage contour plots. Note how after 60000 
cycles the damage evolution is much faster.
The effect of damage on the adhesive shear stress is very interesting (Figure 6-7). The 
shear stress at the edges reduce as a consequence of the damage. Initially it was 
approximately 29MPa but after 64000 cycles reduced to zero. At the same time the 
stress in the centre region increased, and to compensate for the declining strength of the 
joint at the edges. At the start of the simulation the stress at the centre is less than 
lOMPa, increasing to more than 30MPa at the end.
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Figure 6-6: Damage evolution across adhesive (default).
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Figure 6-7: Shear stress evolution across adhesive (default).
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Increasing b (Figure 6 -8 ) caused an acceleration of damage, but there were no major 
changes in Np/N/ox N /N f, see Table 6-1. The influence of the threshold strain was much 
more evident in damage and backface strain plots, as the pattern is very different to the 
rest. The threshold strain creates a minimum value of maximum principal strain below 
which damage will not occur. The maximum principal strain is larger at the edges, thus 
the damage will increase much more at the edges than in the centre (where the threshold 
will be active, Figure 6-9). The damage only starts in the centre region when the 
maximum principal strain reaches the threshold value of 0.01 (Figure 6-10).
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Figure 6-8: Damage evolution across adhesive (increased b).
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Figure 6-9: Maximum principal strain across adhesive (£,*=0.01)
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Figure 6-10: Damage evolution across adhesive (£,*=0.01)
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The change in shear stress is less evident (Figure 6-11) than in damage because when 
the elements at the edges are fully damaged shear reduces to zero. As in the maximum 
principal strain, the final value reached is higher than in the default analysis, 65MPa 
compared to 40MPa. This represents one of the shortcomings of the elastic damage 
model because at 65MPa the adhesive would have failed.
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Figure 6-11: Shear stress evolution (ft„=0.01).
After this study it was realized that the single phase damage model with the parameters 
considered was limited because it could only fit only one load level with the same 
parameters. When increasing the load the reduction in life was far below what was 
observed experimentally. Furthermore, the damage evolution was not optimal as it was 
too homogeneous across the adhesive. The experimental tests had shown that the 
damage in the edges was much larger than in the centre region (Section 4-4).
However there was some indication that increasing the value of z further might fit the 
load-life better. As a consequence the effect of z was studied in more detail to attempt to 
fit the experimental and modelling results. A trial and error process was carried out to
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determine b and z values (Figure 6-12) which could give a good fit to the experimental 
life data.
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Figure 6-12: Backface strain patterns at high z damage models (40% r s).
The analyses were first performed at 40% and then at 50%. The pattern is very different 
to that seen at z=0.25, transition is more gentle and occurs very early, at approximately 
10000 cycles in both cases (N/N/=0.\4). The influence of z on Nf is strong: to obtain the 
same life, b had to be increased by almost a factor of 1500 ( 1 0 0 0  times higher than the 
increase in z). This is caused by the dD/dN formula used. If a typical maximum 
principal strain value (say 0.1) is raised to the power of 6  rather than 0.25 the difference 
is enormous: 1><10"6 compared to 0.56. As a consequence b has to be increased 
exponentially to increase the damage rate and fit the required number of cycles.
Table 6-3: Transition, peak and failure cycles for different parameters (40% r s).
b z £th Nf NP Nt No/Nr Nf/Nf
55 4 0 68000 55000 10000 0.80 0.14
80000 6 0 70000 60000 10000 0.85 0.14
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As Table 6-3 shows, N /N f w a s  somewhat low compared to those obtained in the default 
analysis, 0.95 (Table 6-1). However, N /N f was totally different to that seen in the 
experimental tests.
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Figure 6-13: Backface strain patterns at high n damage models (50% r s). 
Table 6-4: : Transition, peak and failure cycles for different parameters (50% r s).
b z £th Nf NP Nt N M N/Nf
55 4 0 34000 19000 8000 0.55 0.23
80000 6 0 28000 21000 4000 0.75 0.14
On the other hand, when increasing the load to 50% (Figure 6-13), the life decreased 
much more when compared to the reduction with z=0.25. At z= 6  the S-N data is 
predicted reasonably well, but again, the backface strain output is totally different, with 
a transition that occurs much sooner than that noted experimentally.
The higher z also affected the damage evolution (Figure 6-14) as it led to more localised 
damage, being much higher at the edges than that at the centre. This is expected because 
a higher z will lead to an exponential increase in relative damage, especially between
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edges and centre, where the strain is lower. These get fully damaged much earlier when 
compared to z=0.25 (Figure 6 -6 ), the damage then expands toward the centre of the 
joint and affects 8 mm of adhesive when it fails. In some places the damage is plotted as 
more than 1. This is clearly not correct. The damage at the integration point is 1, and it 
is suspected that ABAQUS causes the increase at the element comers by extrapolation.
1 .2
Distance across adhesive (mm)
 0 ------10000 20000------  30000 ------ 40000   50000  60000----- 68000
Figure 6-14: Damage evolution across adhesive (z=6)
The other parameters change correspondingly, the adhesive maximum principal strain 
(Figure 6-15) is much higher at the edges than in the centre when the joint fails. 
Obviously, this is a consequence of the damage evolution. The shear stress variation 
(Figure 6-16) is somewhat different to that seen in previous case, there is a large 
reduction of stress in the edges which causes the stress at the centre to increase. At 
68000, when the joint fails, the shear stress is 0  over approximately 8 mm of the joint.
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Figure 6-15: Maximum principal strain evolution across adhesive (z=6).
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The current damage model is limited when it comes to fitting the experimental data. If a 
high power (z) is used the S-N conditions can be met but the backface strain 
distributions will not be fully representative, with transition occurring too early to fit the 
experimental data. If a low power (z) model is used the backface strain data can be 
matched at a given load but the life at a different load will be considerably in error. 
Figure 6-17 illustrates the problem in a S-N chart.
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♦ Exp ■ z-0.25 ▲ z-4  ■ z=6 
Figure 6-17: S-N diagram with damage model data.
6 .1 .2  C a lib ra tio n
Although the single phase damage model was limited when fitting S-N data, it was very 
suitable to fit experimental data at a single load level. Figure 6-18 to 6-20 show the 
fitting at 50, 40 and 30% of rs. Both the starting and final strain match well, and the 
trend is very close. At 40% the difference between SG4 and the modelling strain is 
minimal for a large part of the test. However, the b parameters (Table 6-5) used to fit 
these data are vastly different, at 50% the b value is over 10 times higher than the one 
used at 30%.
♦ ♦
AW♦ te♦ J*'
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The calibration was also performed using a high power (z=6 ) damage model. The data 
are presented in Figure 6-21 to Figure 6-23. The parameters are kept constant at every 
load, z= 6  6=80000. As expected the backface strain matching is far worse than for the 
low z, transition and peak occurs too early. On the other hand the S-N fit is much better. 
Note that the life prediction at 30% is much larger: 450000 against 233000. Although 
the difference is quite large, the data is within typical scatter bands.
Table 6-5: Parameters used to fit experimental data at different r s
Test 50% 40% 30%
b 0.00015 0.000035 0.000012
z 0.25 0.25 0.25
0.0016
N (Cycles)
-♦— SG1 —■— SG2 SG3 —x—SG4 - * _ S G 5  —•— SG6 - 4— Modelling
Figure 6-18: Modelling and experimental backface strain (low z, 50% r s).
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Figure 6-19: Modelling and experimental backface strain (low z, 40% r s).
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-♦—SG1 —»— SG2 SG3 —x—SG4 - * - S G 5  SG 6 Modelling
Figure 6-20: Modelling and experimental backface strain (low z, 30% r s).
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Figure 6-21: Modelling and experimental backface strain (high z, 50% r s).
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Figure 6-22: Modelling and experimental backface strain (high z, 40% r s).
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Figure 6-23: Modelling and experimental backface strain (high z, 30% r s).
6.2 Two phase damage model
6.2 .1  D e v e lo p m e n t
The one phase damage model was able to fit the 6 bf data rather well, but the parameters 
had to be adjusted for every load. Alternatively, when the correct lives were predicted 
the transition occurred far too early. Further work focused on developing damage 
models that could use the same parameters at different loads. As a consequence the 2 
phase damage model was developed.
The main difference to the single phase model is that 2 damage models are applied 
during the simulation, thus the transition region found during experimental tests can be 
replicated. In the first phase, parameters, would cause low damage as seen in the 
experimental testing. In the second part the damage rate would be accelerated. This 
would allow the fitting of both backface strain patterns and life data. These phases 
could be consider to model different mechanisms (nucleation and evolution).
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The type B joint tests chosen to fit the experimental data were B l, B2 and B4. Joint B3 
data was not used as it was inconsistent. The resulting damage model did not fit the 
backface strain pattern as well as the one phase model but did match the load-life data 
fairly well. The z parameter does not have the same influence as in the single phase 
model because the transition is determined by the switch in mechanism. A similar 
procedure was used on the type A joints and good results were also achieved, although 
the calibration was more limited because there were no tests at 30%.
6 .2 .2  C a lib ra tio n
6.2.2.1 B type joints
As mentioned before two sets of data were used (Table 6 -6 ). In the second phase b is 
increased from 12000 to 450000 to generate the transition region and accelerate the 
damage rate. These parameters were applied in all simulations.
Table 6-6: Parameters used in calibration.
Parameters First phase Second phase
b 12000 450000
z 6 6
The test at 40% was used as the reference test (Figure 6-24). After the parameters were 
calibrated by trial and error, they were applied to the joints tested at 50% and 30%.
As it is possible to see, the strain matches the experimental data fairly well, although 
transition at 22000 cycles is more prominent. It is quite interesting that SG3 shape 
matches the final phase of the test (after 27000 cycles) fairly well. Initial and final 
backface strain values are similar to those measured during the tests.
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Figure 6-24: Experimental and modelling backface strain at 40% r s.
The maximum principal strain and shear stress (Figure 6-25 and Figure 6-26) were also 
plotted to monitor the evolution during the simulation. The patterns are not significantly 
different to those seen in the single phase model at high z, but the transition region is 
much more evident. The evolution until 24000 cycles is in both cases very low; and 
then it accelerates until failure.
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Figure 6-25: Maximum principal strain evolution across adhesive (40% r s).
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Figure 6-26: Shear stress evolution across adhesive (40% rs).
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The damage concentrated at the edges of the adhesive (Figure 6-27), and when these 
regions became fully damaged, they expanded towards the centre until final failure. As 
in the previous figures, the evolution until 24000 cycles is very slow, but after this it 
becomes much more rapid. The damage at the edge, which was less than 0.2 at 22000, 
reaches 1 at 24000 cycles. At the end of the test the length of adhesive damaged is 
8 mm. The shape is typical of a high z damage model with the damage concentrated on 
the edges and relatively undamaged at the centre section. This trend better represents 
the one seen during the experimental tests.
Distance across adhesive (mm)
 0 ----- 2000 4000 ------ 6000 ------ 8000 -------10000  12000
 14000 ----- 16000 18000 20000 22000 24000 26000
28000 30000 -------32000 ------ 34000 -----  36000 37000
Figure 6-27: Damage evolution across adhesive (40% r s).
The match at 50% was quite good (Figure 6-28). The life is slightly higher, 16000 
cycles compared to 15000, but the backface strain is very similar, especially SG4 and 6 . 
As it is possible to see, the experimental transition region was more prominent than at 
40 and 30%, which made calibration easier.
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N (Cycles)
— SG1 ■ SG2 SG3 x SG4 x SG5 — SG6 — (— Damage model 
Figure 6-28: Experimental and modelling backface strain at 50% r s.
At 30% the damage model fitted the data less well (Figure 6-29). This was expected 
because when calibrating, 50% and 40% had priority. During the initial phase the match 
is fairly good, but after transition the pattern is somewhat different.
Figure 6-30 shows the great advantage of the two phase damage model. The predicted 
life values match the experimental data very well, and it fits very well previous 
experimental tests.
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Figure 6-29: Experim ental and m odelling backface strain at 30%  r s. 
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Figure 6-30: Experim ental and dam age m odel S-N.
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6.2.2.2 A type joints.
The same process was performed for A joints. For this configuration the calibration 
process is less accurate because the test at 40% was not to failure, however the adhesive 
was extremely damaged. Also, it is not known if any aluminium damage occurred and if 
so, how it affected the backface strain readings.
As in previous cases, a 2D plane strain mesh with 8  noded elements was used (Figure
6-31). Boundary conditions were also similar. The mesh density corresponded to a 
medium mesh, see section 5.1.2. In Table 6-7 it is possible to see the parameters used in 
the damage model. These were somewhat different to those used in the B joint as the 
geometry was different.
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Figure 6-31: Mesh used in tw o  phase dam age m odel (A type jo in t).
Table 6-7: A pplied param eters in tw o phase dam age m odel (A type jo in t).
Param eters First phase Second phase
b 4500 350000
z 6 6
177
The calibration gave priority to the experimental test at 50% since it was the one which 
had been tested to complete failure (Figure 6-32). The modelling data matched the 
trends well, especially until 17000 cycles. In the second phase of the test the match 
deteriorates since the peaks are reached at different cycles, 18000 compared to 16000 
cycles; and the peak modelling strain is higher than SG4-6, which were taken as 
reference during the calibration process. The slopes after transition are remarkably 
similar.
Unlike type B joints, experimental damage appeared mainly on one side of the joint, 
triggering subsequent damage at the other end. This is not replicated in the damage 
model, which assumes that the damage appears and evolves equally on both sides. This 
is perhaps the most challenging problem that damage models encounter: fatigue is a 
very non-repeatable phenomenon, and will struggle to fit more than one scenario.
0.0025
N (Cycles)
-•— SG1 —x— SG2 —x— SG3 —a— SG4 —■— SG5 —a— SG6 —i— Damage model
Figure 6-32: Experim ental and m odelling backface strain at 50%  r s (A type jo in t).
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Figure 6-33: M axim um  principal strain evolution at 50% r s (A type jo in t).
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Figure 6-34: Shear stress evolution at 50%  r s (A type jo int).
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The maximum principal strain and shear stress evolutions can be seen in Figure 6-33 
and Figure 6-34. The shapes are similar to those seen for B type joints in the 2 phase 
damage model. Evolution is very slow until reaching 15000 cycles, after which it 
accelerated until failure.
Finally, Figure 6-35 shows the damage progression. As expected, it is very similar to 
the previous cases. Note the huge increment from 12000 to 14000 cycles, in which 
damage increases from 0.1 to 1. The expansion towards the centre of the adhesive is 
also very fast. At 14000 cycles the damage only covers 0.35mm of adhesive at each end, 
hut at 20000 cycles it covered about 8 mm. This final value was also very similar to that 
seen in the 2 phase damage model of B type joint (Figure 6-27).
1.2
Distance across adhesive (mm)
0 —  2000 4000 6000 8000 10000
12000 14000 ------ 16000 18000 20000
Figure 6-35: Dam age evolution at 50%  r s (A type jo in t).
After the calibrations and analysis at 50%, the same parameters were applied at 40% r5  
(Figure 6-36). The match is not as good as at 50%, the transition occurs more abruptly 
and the following increment has a convex shape, compared to the more concave type 
measured in the experimental test. On the other hand peak values are very similar.
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Figure 6-36: Experim ental com pared to  m odelling backface strain at 50%  r s (A type jo int).
6.3 Elasto-plastic damage model
6.3 .1  In t r o d u c t io n
Both previous damage models had limitations. The single phase model could fit either 
the 8bf data or S -N  data, but not both. The 2 phase model overcame this but a prior 
knowledge of the transition point was required. Both damage models assumed that the 
damage was only elastic, thus no plasticity was modelled. The single phase models 
may be improved by adding plasticity as the damage propagated, thus preventing the 
unrealistically high adhesive stresses seen in the centre of the overlap (Figure 6 - 11). 
This plastic damage was also included in the damage subroutine as outlined in Chapter 
5. As the damage expands the yield stress decreases, accelerating damage propagation. 
The ultimate point of this damage model was to fit the backface strain to the 
experimental data without varying the parameters or having to define a transition 
region.
I8l
The data from C type joints were used to develop and calibrate the elasto-plastic 
damage model. The SGs placed at different positions were a very useful tool because 
they allowed comparisons between the experimental and backface strain data at 
different axial locations. This gave the possibility of developing a more comprehensive 
model.
The other major change was the use of varying time steps. In previous damage models 
every step was fixed and represented a certain number of cycles. The main disadvantage 
is that if the next step caused failure, the simulation stopped without calculating the 
final increment that led to damage. In the elasto plastic damage model automatic time 
stepping was used, allowing steps of varying number of cycles. As in other analyses, a 
“medium” refined mesh was used (Figure 6-37). The boundary conditions and mesh 
properties were as in previous cases.
S. Ill sms(Av*. Crlt.: 7S%)
Figure 6-37: Mesh used fo r e lasto-plastic dam age m odel, contours show ing Von Mises  
stresses.
6 .3 .2  C a lib ra t io n
The calibration process was similar to that outlined in the previous cases. However the 
extent of 8 bf data now made fitting more complex. As a consequence the S-N data were 
matched and then the backface strain pattern compared to the experimental data to 
assess how it fitted. In most cases it did, for a limited selection of SGs in each test.
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Figure 6-38: Experim ental com pared to  m odelling S-N data (e lasto-p lastic  dam age  
m odel).
Figure 6-38 shows the results of fitting the S-N trends at different z values. As in the 
previous cases, high z damage models fitted the experimental data better. Note that for 
z= 8  there are 2 series. For z= 8  the calibration was performed using the tests at 40% as 
reference, while the “improved” used the 50% data for calibration.
As mentioned before, the calibration was performed using the 50% tests. Since there are 
extensive backface strain data, only the best fits will be shown for each case. The 
predicted backface strain evolution is shown in Figure 6-39, with the corresponding 
predicted change at the SG locations in Figure 6-40. Note the varying increment in 
cycles when compared to the fixed time step models and how the strain peak is higher 
in the 5mm position. This is caused by the larger deformation at that damage state, at 
1 mm there would be much less; this can be deducted by considering the maximum Sbf 
along each SG position as shown in Figure 6-39. As expected the sequence is 1, 3 and 
5mm. The evolution of 8 bf is typical of a high z damage model (Figure 6-40).
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Figure 6-39: Backface strain evolution at 50%  (elasto-p lastic dam age m odel).
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Figure 6-40: Backface strain change at SG positions at 50% (elasto-p lastic dam age  
m odel).
184
M
ax
im
um
 
P
ri
nc
ip
al
 S
tra
in
 
Sh
ea
r 
st
re
ss
 
(M
pa
)
40
Distance across adhesive (m m)
0  2406 3021 -------4404 ------- 5182 --------6933
9100 ------- 9653--- ------ 10899 11834 11907
Figure 6-41: S hear stress at 50%  (elasto-p lastic  dam age m odel).
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Figure 6-42: M axim um  Principal strain evolution at 50%  (elasto-p lastic dam age m odel).
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The advantage of using a variable time step can be seen in Figure 6-41. The last series 
(11834 and 11907) would not have occurred with the fixed time step because the 
analysis would have collapsed. The evolution is more constant than with the 2 phase 
damage model, which accelerated after transition. Shear stress and maximum principal 
strain evolution (Figure 6-42) are typical of a high z model.
The damage evolution (Figure 6-43) was also more constant at collapse, the fully 
damaged length is approximately 20mm. The percentage of damaged length is very 
similar to that of the A and B type joints. The edges are fully damaged after a very short 
number of cycles (2406).
1.2
Distance across adhesive (m m)
 0 ------2406 3021 -------4404 -------5182 --------6933
 9100 ------ 9653 ------- 10899 11834 11907
Figure 6-43: D am age evolution at 50%  (elasto-p lastic dam age m odel).
The backface strain fit is more complicated than in previous cases because the 
experimental data vary more. As the gauges are placed in 3 locations there are more 
transition points, and this reflects on the accuracy of the fitting. Figure 6-44 shows the 
comparison for SG2 and 5 with the modelling data for Joint C2. The life fit is very 
good, and the modelling backface strain matches SG2 well in terms of initial and peak 
strain. However, transition in the experimental test takes place later, and this affects the
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fitting. The fit for SG5 is not as good because at this end the strain increased until 
failure due to damage at opposite end.
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 SG2[1 m m ]  SG5 [1mm] —a— SG mod [1mm]
Figure 6-44: Experim ental com pared to  m odelling strain at SG2 and 5 (Jo in t C2, 50% ).
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 SG1 [3mm] -  — SG6 [3mm] —a— SG mod [3mm]
Figure 6-45: Experim ental com pared to  m odelling strain at S G Ia n d  6 (Jo int C2, 50% ).
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Figure 6-46: Experim ental com pared to  m odelling strain at SG3 and 4 (Jo in t C2 50% ).
The pattern for the gauges placed 3mm and 5mm is similar (Figure 6-45 and Figure 
6-46). The match with gauges installed at end A is much better, especially for SGI, as 
transition takes place at similar cycles. The strain at end B increases as a consequence of 
the damage at the other end, thus the fitting is not as good.
Similar comparisons were performed for Joint C l, which was also tested at 50% (Figure 
6-47 and Figure 6-48). Again, the trend matched quite well but the transition in the 
damage model occurred somewhat later, which caused a less optimal fitting. In any case 
the trends and lives are very reasonable for both cases.
The damage model was also run at 30% (Figure 6-49 and Figure 6-50). As the plots in 
the experimental section show, damage occurred at one end and then triggered later 
damage at the other. The damage model fitted SGI-3 very well, both in terms of cycles 
and pattern.
The match at 40% was less good in terms of life (Figure 6-51 and Figure 6-52). This 
could be caused by the experimental data which might not be representative of a typical
N (Cycles)
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test at 40%. In any case the fitting in Figure 6-51 is not bad, but the shorter life and 
different transition regions lead to a worst fitting when compared to other loads.
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Figure 6-47: Experim ental com pared to  m odelling strain at SG4 and 5 (Jo in t C1 50% ).
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Figure 6-48: Experim ental com pared to  m odelling strain at SG2 and 6 (Jo int C1 50% ).
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Figure 6-49: Experim ental com pared to m odelling strain at SG1 and 2 (Jo in t C6 30% ).
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Figure 6-50: Experim ental com pared to  m odelling strain at SG3 (Jo int C6 30% ).
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Figure 6-51: Experim ental com pared to  m odelling strain at SG1 and 2 (Jo in t C4 40% ).
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Figure 6-52: Experim ental com pared to m odelling strain at SG3 (Jo in t C4 40% ).
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This damage model is very promising as it was able to predict S-N data and backface 
strain patterns. This is major step forward in this area as previous models were only able 
to replicate certain crack scenarios.
6.4 Modelling of fatigue damage and residual strength
As explained in the experimental section, several B type joints were fatigued to partial 
damage at 40%; then static tests were conducted to find the residual strength. These 
type of tests were simulated in ABAQUS by combining a number of steps in the 
simulation. Figure 6-53 shows the predicted axial displacement at the loaded end of the 
joint. The first step (0<t<l) shows the specimen being fatigued at the required load 
(40% of the original static strength); then the specimen is driven back to 0 load (l<t<2) 
and finally, tested to failure (2<t<3). The load at which the joint fails is the predicted 
residual strength.
1.2
Tim e
Figure 6-53: D isp lacem ent history in residual strength test.
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The damage model applied was a single phase elasto-plastic type with yielding stress set 
at 64MPa. Prior to the simulations the model was run with no damage to check the 
undamaged free static strength (11.5kN).
The first step was to find b and z values for this damage model that would fit an 
experimental test to failure. The backface strain pattern for B7, B8  and B9 is closer to 
B2 (38000 cycles) than B3 (73000 cycles) (Figure 4-7). As a consequence the backface 
strain pattern and life data from B2 was used to calibrate the damage model. Figure 6-54 
shows the calibration, the match is very good. The b and z values used were 0.000052 
and 0.25 respectively.
0.0014
N (Cycles)
—♦— SG1 —■— SG2 SG3 —x— SG4 —x— SG5 —• — SG6 D am age m odel
Figure 6-54: M odelling versus experim ental backface m odelling strain  using in 
calibration.
Figure 6-55 shows the modelled backface strain data only. The next step was to run a 
series of simulations at different cycles giving varying level of damage. These tests 
were performed to 10000, 15000, 18000 and 30000 (dashed lines) cycles, and are 
referred as Simulation 10, Simulation 15... in Figure 6-56 where it is possible to see the 
different levels of damage induced. At 33000 cycles the joint would be close to failure
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while at 10000 it is relatively undamaged. The other numbers of cycles were chosen to 
match the experimental parameters and to obtain a wide range of data.
The results of the analyses can be seen in Table 6 -8 . The match is limited because only 
3 specimens were tested to failure, and one of them appears to be inconsistent. B8  and 
B9 have a similar backface strain increment (Aebf) but the former has lower residual 
strength: 57% compared to 74%. The match between B8  and Simulation 32 is very 
good, thus the B9 is probably non-representative data. This is also the case with 
specimen B7. This is probably caused by the overall life of the specimen, which was 
shorter. The increase in backface strain cycles after 10000 cycles is comparable to the 
one in B9 after 35000. This type of analysis is very complex because there are 2 
parameters with low repeatability: the remaining strength and fatigue life. Both the 
experimental testing and numerical modelling show that the joint retains a substantial 
percentage of original strength, even when the adhesive is close to collapse.
0 5000 10000 15000 20000 25000 30000 35000 40000
N (Cycles)
-I— Damage model b=0.000052 z-0.25
Figure 6-55: M odelling backface strain used in residual strength tests.
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Figure 6-56: Dam age at d ifferen t levels o f fatigue (residual strength tests).
Table 6-8: R esidual strength tests, m odelling versus experim ental results.
Specim en
% o f
TS
A ctual strength  
(kN)
A verage
A£b,
Retained
strength
N
(Cycles)
B7 40 8.5 0.00019 74% 10000
B8 40 6.49 0.000248 57% 34000
B9 40 8.35 0.00022 74% 37000
Simulation
10 40 9.48 0.000041 82% 10000
Simulation
15 40 8.87 6.23E-05 77% 15000
Simulation
18 40 8.21 0.0000862 71% 18000
Simulation
25 40 6.68 0.000158 58% 25000
Simulation
32 40 5.45 0.000242 47% 32000
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6.5 Crack scenarios
6.5 .1  C r a c k s  a t b o t h  e n d s .
ABAQUS 6.5 has the ability to simulate the effect of cracks in a structure. This feature 
was used to assess the effect of different crack lengths in the adhesives joints. A crack 
being representative of damage in the adhesive. All 3 joints (type A, B and C) were 
simulated with cracks on one and both sides to assess the effect of the crack on the 
backface strain readings. Figure 6-57 shows the cracks after the analysis, deformation 
has been exaggerated to better show the effects. Boundary conditions and mesh 
characteristics were as in previous sections, but the mesh in the adhesive had 2  layers. 
The load applied was 40% of the static shear strength (rs).
S, His«s<Av». Crit.: 75* > 
+2.114*+02 + 1.938#+02 
+1.761«+02 +1.585*+02 + 1. 409»+02 +1.233«+02 
+ 1. 057*+02 +8. 809*+01
• +7. 048*+01
- +5. 287«+01
- +3. S27*+01
• +1. 766»+01
• +4. 6G2.-02
Figure 6-57: Type B jo in t w ith 2m m  cracks at both ends o f adhesive, contours show ing  
Von M ises stresses.
The process was repeated with four crack lengths. Figure 6-58 to Figure 6-60 show the 
change for each joint type. Note that in the C type joints the crack length used was 
higher due to the longer overlap. In all cases the trend is the same: as the crack increases 
the negative peak increases and shifts along the overlap (arrow).
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6-58: Backface strain change w ith crack length at both ends (A type jo in t).
Increasing crack length
Distance above overlap  (m m)
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Figure 6-59: B ackface strain ch an ge with crack length at both en d s (B type joint).
1.00E-03
Increasing crack length
-2.00E-03
Distance above overlap (m m)
U ndam aged -------2.5m m 5mm  7.5m m  10mm
Figure 6-60: Backface strain change w ith crack length at both ends (C type jo in t).
Figure 6-61 shows a summary of the strain change 1mm inside the overlap length. In all 
cases the strain first increases and then decreases after reaching a peak.
0.0018
0
0 2 4 6 8 10 12
Crack length
—♦— A type —■— B type —a— C type
Figure 6-61: B ackface strain variations 1mm inside the overlap (both ends).
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6 . 5 . 2  C r a c k s  a t  o n e  e n d
The damage models assumed that damage would initiate and propagate simultaneously 
at both edges, however, the change in backface strain would be quite different if damage 
only happened at one side, as some of the experimental tests have shown. In this section 
the cracks have been modelled at one side only to establish a comparison. The model 
properties were as in previous section. Since the cracks are not symmetric, the SGs will 
measure a different change based on their position (Figure 6-62). The SGs have been 
labelled as “adjacent'' and “distant” based on the position with respect to the crack.
S, R ises
(Av*. C r it . :  7S%) 
43.078*402 
42.822e402 
42.565e402 
42.309e402 
42.052#402 
41. 796*402 
41. 539*402 
41.283*402 
41.025*402 
47.695*401 
45.130*401 
42.565*401 
47.346*-05
A djacent SG
D istant SG
Figure 6-62: Type A jo in t w ith crack at one end, contours show ing Von M ises stresses.
Figure 6-63 to Figure 6 - 6 8  show the corresponding backface strain changes at each of 
the SGs for all joints. The red dashed line show the SG positions. The pattern in all 3 is 
the same, when the SG is adjacent to the crack the large strain changes that take place 
are monitored, but when the joint is distant the changes in backface strain are quite 
different, and the transition region is not as evident as in the adjacent SG readings
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1.00E-03
Distance above overlap  (m m)
U ndam aged  1mm  2mm 3mm  4mm
Figure 6-63: B ackface strain change at ad jacent SG with crack length at one end (A type  
jo in t).
1.00E-03
0  1mm 2mm  3mm  4mm
Figure 6-64: Backface strain change at d istant SG with crack length at one end (A type  
jo in t).
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Figure 6-65: Backface strain change at ad jacent SG w ith crack length at one end (B type  
jo in t).
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Figure 6-66: B ackface strain change at d istant SG w ith  crack length at one end (B type  
jo in t).
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Distance above overlap (m m)
U ndam aged -------2.5m m 5mm  7.5m m  10mm
Figure 6-67: Backface strain change at ad jacent SG with crack length at one end (C type  
jo in t).
-1.40E-03
Distance above overlap (m m)
U n d a m a g e d  2.5m m 5mm -------7.5m m  10mm
Figure 6-68: Backface strain change at d istant SG w ith crack length at one end (C type  
jo in t).
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Figure 6-69: Sum m ary o f backface strain readings fo r adjacent and d istant SGs
0.0017
0 2 4 6 8 10 12
Crack length (mm)
h— A type both ends —x— A type ad jacen t SG — A type distant SG
—  B type both ends —x— B type ad jacen t SG — B type distant SG
C type ad jacen t SG — — C type both ends — C type distant SG
Figure 6-70: Sum m ary of backface strain variations 1mm inside the overlap.
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The variation in backface strain will be very different depending on whether the crack 
initiated at one end or both ends. Figure 6-69 shows a summary of the readings, for C 
type these are rather different as the distant SG reaches a higher backface strain than the 
adjacent SG. However, the overlap length in Type C was much higher and this will 
influence the results. This pattern was actually seen in joints C5 (Figure 4-24 and Figure 
4-25 and C6  (Figure 4-27 and Figure 4-28).
Figure 6-70 show a summary of possible backface strain scenarios taking into account 
cracks at one end and both ends. This is the most challenging feature of any damage 
model. Cracks can initiate at different locations, propagate at different rates and to 
different lengths. The largest increase in strain is seen in A type joint, especially when 
the crack initiates in both ends. Initially it is 0.00095 but reaches 0.0016 at 2mm. The 
pattern for type B joints is similar, but the change in strain is less, from 0.0009 to 
0.00125. C type has a similar trend, but the distant SG measures a strain comparable to 
that talcing place when 2 cracks initiate. As mentioned before, this is probably caused by 
the longer overlap.
6.6 Conclusions
The experimental fatigue data were simulated using several types of damage models. 
The single phase damage model could not fit both the fatigue life and backface strain 
pattern at varying loads. If a high z was used the life data could be matched, but the 
backface strain data were different to the experimental response. By using a low power 
model the opposite would happen. The transition region in the modelled backface strain 
was seen to coincide with the full failure of elements in the edge of the adhesive layers.
The parameters b and z were the most critical when calibrating the experimental data. 
The former caused damage to accelerate. The effect of z is more difficult to quantify, if 
b was unmodified the fatigue life would increase, decreasing N /N f and N/Nf. The 
damage would also concentrate on the edges much more with high power models when 
calibrating experimental data.
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The two-phase damage model was able to predict fatigue lives and backface strain 
patterns at different loads. However, the transition region had to be fitted in order to 
match the data. This represents a major disadvantage when compared to the single phase 
elasto-plastic type.
The elasto-plastic damage model was the most successful type. By introducing a yield 
stress it was more realistic since unrealistically high stress would not be generated in the 
adhesive centre when the adhesive is damaged at the edges. Contrary to the two-phase 
model, it did not need the transition region to be specified and was able to fit the 
backface strain pattern at different SG locations well.
The static strength tests showed that the joints retained a substantial amount of original 
strength, even if they were close to failure. This shows that the crack propagation in B 
type joint occurs at a late stage, with collapse following quickly. Otherwise the 
reduction in strength would be more steady.
The modelling undertaken was also very useful in informing the experimental phase, as 
it was used to determine suitable locations to place SGs in the joints and give an 
indication of the torsion and bending eccentricities. By modelling cracks on one side 
and both sides of the adhesive layer it was possible to evaluate a potential change in 
backface strain, as well as gaining more understanding in some of the trends observed in 
experimental tests. This type of analysis shows the main limitations of current fatigue 
damage models.
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7 Conclusions and further work
The research performed has led to increased understanding of fatigue damage in bonded 
joints, and has resulted in a validated fatigue damage model that can be used to assess 
the integrity of other structures bonded with the same materials. Furthermore, the 
methodology can be applied to all bonded joints. In this final chapter the conclusions 
are presented. As a final note, some thought on further work is given. This is the result 
of 3 years of research and includes improvements which can be made on the 
experimental tests, modelling simulations, and available equipment.
7.1 Conclusions
The experimental and modelling work has led to a much more thorough understanding 
of fatigue initiation in bonded joints. Experimental tests showed that crack initiation 
occupied a large percentage of the fatigue life of a SLJ. The damage always initiated in 
the fillet as a change in colour of the adhesive. As damage progressed these microcracks 
would merge and form a major crack, leading to failure. This damage could be 
monitored very clearly using the backface strain technique, which represents the best 
approach for this phenomenon.
The microcrack merging was found to be dependent on the geometry and applied load. 
At higher loads fatigue propagation only occurred at the very last stages of the test. This 
is caused by the large G, which leads to fast propagation and failure of the specimen. At 
lower loads the crack propagated more slowly, thus it represented a larger percentage of 
fatigue life. These results were supported by backface strain readings as well as video­
microscopy. The latter technique was found to be useful but ideally it should 
complement backface strain readings. Some of the limitations of video-microscopy 
include the fact that it can only monitor a limited area on the surface of the adhesive.
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Sectioning and polishing showed very clear patterns, with cracks appearing at very late 
stages of tests in type A and B joints. The same trend was obseived in type C joints 
except at low loads (30%).
The residual strength tests also showed that a joint cycled to significant portion of 
fatigue life retains a substantial percentage of the original strength. Even when the 
specimen was extremely close to failure it retained more than half of the original 
strength. Load-life data were consistent and reliable.
Numerical damage models were developed using ABAQUS and Fortran, Initially the 
damage was modelled by reducing the elastic modulus of the adhesive, but an elasto- 
plastic damage model was also developed, which reduced the yield stress and modulus. 
These damage models were developed and calibrated based on the patterns measured by 
the SGs. The importance of the transition region, cycles to peak strain and cycles to 
failure was underlined during this development.
The single phase damage model was good either at fitting backface strain patterns or life 
data, but could no perform both. The 2 phase overcame these disadvantages but needed 
transition data at every load in order to function. The elasto-plastic damage model was 
able to fit the backface strain and fatigue life data. The SGs were staggered and gave a 
wider range of validating data, which led to more confidence in the damage model 
developed. This means that a single, unique elasto-plastic damage model can be used to 
predict fatigue failures at various loads, which is a very important advantage.
The predicted damage first appeared at the edges of the adhesive overlap. This is 
expected because this is where the strains are the highest. Initially the damage 
developed mainly at the edges; when these became fully damaged transition occurred 
and damage propagated faster towards the centre region.
The position of the SGs is a key parameter when doing experimental tests and 
performing numerical simulations. An effective installation and correct assessment of 
the relative position is extremely important. Variation of the SG position leads to
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changes in transition region and peak strain. Modelling of joints under tensile loads was 
extremely useful when determining optimal SG positions. ABAQUS was also very 
useful when determining the importance of the initial clamping strains.
The residual strength after fatigue damage simulations also showed that the joint 
retained a large percentage of the original strength. The match between experimental 
and modelling data was generally good but there were cases when they were limited 
because of the variable nature of fatigue.
7.2 Further work
The damage model could be improved by varying the location and intensity of damage 
initiation. Instead of damage always appearing at both ends symmetrically other 
scenarios could be contemplated i.e damage being forced initially at one end or varying 
levels of damage propagation at either end. This would help in gaining more 
understanding of some recorded backface strain data. The research could include other 
geometries like double lap joints. The experimental tests could be carried out at 
different load ratios, in order to assess the effect on the fatigue life and backface strain 
patterns. The data could also be used to calibrate damage models.
The in-house recording software can be easily improved and upgraded. Currently the 
only data shown are the changes in voltage for all 6  SGs. It would be more useful if a 
reading of maximum and minimum strain were given. By modifying the software it 
could actually give As f^. This would be extremely helpful when running a test to certain 
damage, as it will be monitored directly from the screen.
The SGs installation was rather time consuming. Other types of SGs could be used, 
currently there are SGs which come already in sequence and don’t need connectors. The 
use of these SGs would be a clear advantage, as they allow placing one SG after the 
other, giving better data on damage expansion across the adhesive. The testing could be 
carried out at other load ratios to determine if there are any major changes in the fatigue 
initiation pattern. The data could also be used to improve the damage model.
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A p p e n d i x  A
During the test the strain gauges measure a change in voltage, which is recorded by the 
DAFT data logger. However, it is necessary to convert it into strain using the formula 
below:
4AV i n -3 £  =   X  10
F x  E
Where F is the gauge factor, E is the voltage and AV is the voltage increment during the 
test. The voltage is 5V and the gauge factor is 2.075, thus the equation can be 
simplified:
4 x (V - V0) 1A 3  V 0J _X i 0-3
2.075x5
Where V is the voltage and Vo the initial voltage. The later was defined as the voltage 
when only one end of the joint is clamped in the fatigue machine. As it is possible to see 
the voltage (Figure A l) varied when the joint was gripped, which caused by torsion and 
bending eccentricities. As a result the strain will be somewhat different depending on 
which voltage (and therefore strain) is used as the initial one. The one end clamped was 
chosen because it represented more accurately a 0  strain condition.
The DAFT data logger can record up to 1000 points per second. If the test last or hours, 
which they usually do, the program would crash because the amount of data is too large. 
This is why only the maximum and minimum voltage -together with snapshots- are 
recorded. The difference between maximum and minimum strain is plotted in order to 
make the data more practical.
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Figure A1: Change in vo ltage w hen gripping a jo int.
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A p p e n d i x  B
In this section an example of how to calculate the torsion and bending eccentricities is 
shown. The initial strains for joint A6  are shown in the table below. Note that the signs 
have been changed for comparison with ABAQUS.
Table  B-1: Initial strain fo r jo in t A6.
SG1 SG2 SG3 SG4 SG5 SG6
1.85E-5 -3.38E-5 -9.05E-5 -1.60E-5 1.0E-4 4.13E-5
Now the graphs relating backface strain to torsion and bending are used (Figure Bl and 
B2). Excel has been used to obtain equations from the relationships.
To calculate the bending the average value for SGI-3 and SG4-6 is calculated. These 
are -3.53E-5 and 4.18E-5. The value calculated in SG1-3 is input into the equations for 
SG2 and SGI-3, giving a higher and lower value; the same is done with SG4-6 and SG5 
(Figure Bl). In total 4 values are calculated, thus an average is calculated, giving 
0.58mm. Note that the strain for SGI and 3, and SG4 and 6  is the same because there is 
an axis of symmetry in the centre of the joint.
When calculating the torsion, a similar procedure is applied:
Torsion backface strain at end A = SG1-SG3
Torsion backface strain at end B = SG4-SG6
The resulting backface strains are 5.45E-5 and -2.87E-5. These are input into the 
equations. The one for end A into SGI and 3, the ones at end B into SG4 and 6  (Figure 
B2). Finally, an average value of the data is calculated: 0.62°. Although limited, this 
method verifies that there are no major torsion and bending effects into the joint, which 
could affect the fatigue performance.
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Figure B2: Torsion effects on backface strain.
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A p p e n d i x  C
SUBROUTINE USDFLD(FIELD,STATEV,PNEWDT,DIRECT,T,CELENT, 
lTIME,DTIME,CMNAME,ORNAME,NFIELD,NSTATV,NOEL,NPT,LAYER,
2KSPT,KSTEP,KINC,NDI,NSHR,COORD,JMAC,JMATYP,MATLAYO,LACCFLA)
C
INCLUDE ABA_PARAM.INC'
C
CHARACTER* 80 CMNAME,ORNAME 
CHARACTER*3 FLGRAY(15)
DIMENSION FIELD(NFIELD),STATEV(NSTATV),DIRECT(3,3), 
1T(3,3),TIME(2)
DIMENSION ARRAY(15),JARRAY(15),JMAC(*),JMATYP(*),COORD(*)
C
IF(KINC > 1) THEN 
print*, '2 nd increment'
C
c User values 
Eo = 2000 
Eth = 0.00 
b = 80000 
N = 2000 
z = 6 . 0
c Absolute value of current strain
call getvrm('EP',array,jarray,flgray,jrcd,jmac,jmatyp,
1 matlayo,laccfla)
Emax = array (3) 
if (Emax < Eth) then 
F = 0
else
F = b * ((Emax - Eth)**z) 
end if
c The field variable
field(l) = statev(l) + F * N 
if (field(l) > 1 .0 ) then 
field(l) = 1 . 0  
end if
C
END IF
C
c The state variable 
statev(l) = field(l)
print *, 'k=', kstep, "inc=", lcinc,' f - , field(l)
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return
end
A p p e n d i x  D
SDV1(Av*. Crit..: 75%) +1.983*-01 +1.913*-01 +1.844*-01 +1.775*-01 +1.705*-01 +1.636*-01 +1.567e-01 +1.497*-01 +1.428*-01 +1.359*-01 + 1. 289*-01 + 1. 220*-01 +1.1S1*-01
12000 cycles
sum(Av». Crit.: 75* > +1. 0100+00 + 9. 7980-01■ +9. 4940-01 +9.190o-01 +8. 8B7.-01 +8. 5830-01■ +8. 2790-01 +7.9750-01 +7. 6710-01■ +7. 3670-01 • +7. 063o-01■ +6. 7590-01 > +6.4550-01
60000 cycles
r j 11 i i jm
64000 cycles
72000 cycles
76000 cycles
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